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ABSTRACT
MICROZOOPLANKTON DYNAMICS IN LOWER 
CHESAPEAKE BAY AND ITS MAJOR TRIBUTARIES
Gyung Soo Park
Old Dominion University, 1997 
Director: Dr. Harold G. Marshall
This study identified the temporal and spatial variability of microzooplankton density 
and biomass at 14 stations located within Chesapeake Bay and four rivers. Microzooplankton 
are defined as those heterotrophic organisms which range from 20 to 200 y.m in size, and 
in this study were mainly composed of copepod nauplii, rotifers, and ciliates. Ciliates were 
the most abundant microzooplankton, comprising more than 90% of the total density, with 
copepod nauplii representing approximately 50% of the total microzooplankton biomass 
(carbon content). Rotifers contributed less than 5% for both density and biomass o f the total 
microzooplankton.
Maximum ciliate abundance occurred from spring to early summer based on the cross- 
correlation coefficients, and was dominated by small oligotrichs and tintinnids. This 
development was followed by increased concentrations of rotifers and copepod nauplii that 
peaked in mid summer and early fall. Copepod nauplii and rotifers had an annual cycle (12 
month) in density, as determined by time series analysis (ARIMA Model). However, for the 
smaller components (ciliates) in size, the autocorrelation function coefficients were not 
significant at most stations, which indicated their seasonal abundance patterns were not 
periodic.
In terms of the spatial variation of microzooplankton density and biomass, oligohaline
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stations (river-estuary transitional sites) generally had the highest microzooplankton density 
and biomass. Pearson’s correlation analysis identified several consistent relationships 
between microzooplankton density and the environmental variables. For instance, rotifers 
had a significant negative correlation with salinity, and total nitrogen and phosphorus were 
negatively correlated with loricated ciliates, but positively correlated with aloricated ciliates. 
Physical and chemical variables were much more important in explaining the geographical 
heterogeneity of microzooplankton density.
The zooplankton community structure, including mesozooplankton, was significantly 
different depending on the trophic status at each site. The relative contribution of aloricated 
ciliates to total zooplankton biomass was much higher in the hypertrophic Elizabeth River, 
but loricated ciliates and mesozooplankton comprised a much lower proportion o f the total 
zooplankton biomass when compared to the other meso- or eutrophic sites. The dominance 
within the zooplankton community shifted from mesozooplankton to microzooplankton with 
increasing trophic state, and the microzooplankton constituted over 90% of the total 
zooplankton biomass in the hypertrophic Elizabeth River. In general, microzooplankton 
represented over 80% of the total zooplankton biomass (carbon content) and the secondary 
production by ciliates only (38 ^gC/l/day) was about 16% the primary production in the Bay 
and Elizabeth River. Given the shorter generation time and faster growth rates of 
microzooplankton compared to the other metazoans, the microzooplankton are considered 
to have a greater effect on the trophic dynamics than the mesozooplankton in lower 
Chesapeake Bay and these tributaries.
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1CHAPTER I 
INTRODUCTION
1. General Introduction
The Chesapeake Bay is the largest estuary in the United States and is a plankton based 
ecosystem in which the zooplankton acts as trophic intermediates between the very 
productive phytoplankton and bacteria, and higher trophic levels, including many of the 
economically important fish and shellfish species (Brownlee and Jacobs, 1987; EPA, 1987).
The Bay is approximately 320 kilometers long and ranges in width from about 6 to 50 
kilometers. The water surface of the Bay proper encompasses more than 5,700 square 
kilometers. The average depth is less than 9 meters. In general, the Bay is shaped like a very 
shallow tray except for a few deep troughs which are remnants of the ancient Susquehanna 
River valley. Fifty major tributaries enter the Chesapeake Bay. Almost 90 percent of the 
freshwater entering the Bay comes from the northern and western regions. The remaining 
10 to 15 percent is contributed by the eastern shore (EPA, 1987). The major tributaries are 
the James, York, and Rappahannock Rivers in the lower Bay, and Susquehanna, Potomac, 
Patuxent, Choptank, and Nanticoke Rivers in the upper Bay. The three major rivers of the 
lower Bay collectively represent approximately 18.6% of its total annual stream flow 
(Schubel and Pritchard, 1986). The Chesapeake Bay has been an important factor in the 
establishment and growth of human communities in Maryland, Delaware, and Virginia. The 
Bay and its tributaries are used for commercial shipping, generation of electricity, waste 
disposal, commercial harvesting of wildlife, recreation, and research (Cooper and Brush, 
1993).
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2The Chesapeake Bay is a partially mixed coastal plain estuary (Schubel and Pritchard, 
1986) where the tidal inflow is similar to, or greater than, the freshwater inflow (Mclusky, 
1981). In such an estuary, there is a continuous mixing and exchange of water between the 
sea and freshwater. Surface water will be less saline than bottom waters at any given point 
in the estuary, but unlike the highly stratified estuary, undiluted freshwater will be found 
only near the head o f the estuary. Mixing of the mainly inflowing bottom water with the 
mainly outflowing surface water will occur throughout the estuary. The pattern of mixing 
may be less clear at the sides o f the estuary and, due to Corioiis force, the sea water will 
extend further on the eastern side of the Bay and the outgoing freshwater will dominate the 
western side (Mclusky, 1981)
The distribution and stability of the Bay environments depend on water-temperature, 
salinity and circulation. Water temperature fluctuates considerably, ranging from 0 °C to 29 
°C over the annual cycle. During the summer, the strong thermocline exists in the middle 
of the water column and blocks vertical mixing of the water mass, accelerating the 
development of bottom anoxia. The salinity levels within the Bay vary, depending on the 
volume of freshwater that flows into the Bay. Salinity declines in the spring when rainfall, 
groundwater and melting snow cause large increases in freshwater inflows. In the fall, when 
freshwater inflows are greatly reduced, higher levels of salinity (20-25%o) extend farther up 
the Bay (EPA, 1987). Oxygen concentrations begin to decline in April, or March and reach 
a minimum by the end of June (Officer el al., 1984). Surface water is at, or near oxygen 
saturation all year long, while deep bottom waters undergo hypoxic (<2.0 mgCh/1), or 
anoxic (0.0 mgOi/l) conditions (EPA, 1987; Cooper and Brush, 1993). Eutrophication
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3ultimately leads to low dissolved oxygen conditions when organic matter accumulates at 
rates faster than can be utilized by decomposers in the system. The spatial and temporal 
hypoxic/anoxic conditions in the Bay have been related to at least short term declines in 
many of the Bay's biotic components (Birdsong el al., 1989).
Microzooplankton are defined as those heterotrophic organisms in the size range of 
20 to 200(j.m (Sieburth el al., 1978). In the lower Chesapeake Bay and its tributaries, they 
consist primarily of ciliates, rotifers, and copepod nauplii (Brownlee and Jacobs, 1987; Park 
and Marshall, 1993). In the 1960's and 1970's an extensive body of data showed that grazing 
by metazoans, such as copepods and cladocera, had the potential to consume most of the 
phytoplankton cell production, in both marine and freshwater systems (Porter el al., 1985). 
Pomeroy (1974) proposed a new paradigm in which the microzooplankton were also part 
o f a microbial food loop. This synthesized emerging evidence that much of the organic 
matter fixed by primary producers enters an extracellular organic pool (as algal exudates and 
losses from feeding and excretion by the metazoans) and is utilized by heterotrophic 
microorganisms. Ciliates are the major component of the microbial loop as a consumer of 
the dissolved organic matter and picoplankton, and as prey of the metazoans. Williams 
(1981) reported that as much as 50% of primary production may pass to the 
microheterotrophs. Although the ecology of microzooplankton has been widely studied since 
the late 1970's and early 1980's, the field is somewhat lagging the studies of phytoplankton 
and mesozooplankton. The major categories of microzooplankton in the Chesapeake Bay 
and tributaries are as follows;
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41.1. Ciliates
Ciliates are members of a large homogeneous group of which over 7,000 species, both 
free-living and parasitic, have been described (Layboum-Parry, 1992). The tintinnids, which 
belong to the ciliophorean subclass Choreotricha, or Choreotrichida in the class Sporotricha, 
live within loricae and are all planktonic (Small and Lynn, 1985). The lorica, which are 
species specific, have been used exclusively for identification, and are quite diverse and can 
be agglomerate, lamellar, and/or fenestrate. Because of this advantage of identification, 
tintinnids have been relatively well studied. On the other hand, aloricated ciliates 
(oligotrichs) have no distinguishable lorica and are more difficult to identify. Seasonal 
distribution patterns and abundances of tintinnids have been reported by many marine 
ecologists; Beers and Stewart (1969) in the northeast Pacific Ocean, Gold and Morales 
(1975) in the New York Bight, Heinbokel (1978) in the southern California Bight, Beers el 
al. (1980) in southern California, Hargraves (1981) in Narragansett Bay, Rhode Island, 
Kimor and Golandsky-Baras (1981) in the Gulf of Elat (Aqaba), Red Sea, Smetacek (1981) 
in the Kiel Bight, Capriulo and Carpenter (1983) in central Long Island Sound, Hemroth 
(1983) in the Gullmar Fjord, Sweden, Sanders (1987) in a Maine Estuary, and Nothig and 
Go wing (1991) in the Weddell Sea, Antarctica. More recently Buskey (1993) reported 
biomass and abundance of micro- and mesozooplankton in the Nuces Estuary, Texas, and 
Edwards and Burkill (1995) in the Irish Sea. Related to environmental variables, James and 
Hall (1995) reported ciliate distribution patterns with environmental relationships in the 
South Island, New Zealand. Most of the above papers were limited to microzooplankton 
only, rather than whole plankton components (including autotrophic picoplankton,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5mesozooplankton etc.). Whole zooplankton (including microzooplankton) community 
structure studies with trophic states in lake systems have been done by Bays and Crisman 
(1983), Beaver and Crisman (1982) in Florida Lakes, and Pace (1986) in freshwater lakes 
in Quebec.
As part of the microbial community, heterotrophic ciliates are believed to have two 
general functional roles in planktonic food webs: I) as a link in the food web between 
bacteria and very small phytoplankton on one hand and larger zooplankton that cannot 
efficiently feed on picoplankton-sized cells on the other, and 2) as remineralizers of carbon 
compounds and mineral elements (nitrogen and phosphorous) by the direct and indirect 
effects o f their metabolic activity (Porter et al., 1985). Ciliates are major grazers o f bacteria. 
They can stimulate production through nutrient recycling and can transform microbial 
production into larger particles, which are then available for macroconsumers (Sherr and 
Sherr, 1984).
The planktonic ciliates may also cause "red-tide" events. The ciliate, bAesodimum 
rabnim (Lohmann), contains an algal endosymbiont and is a well known "red-tide" former 
(Lindholm, 1985). Dale and Dahl (1987) also report discoloration of water by heterotrophic 
ciliates such as Strombidium and Tmtimopsis in Flodevigen Bay, Norway. These two genera 
are incidentally abundant in the Chesapeake Bay and tributaries (Brownlee and Jacobs, 1987; 
Park and Marshall, 1993; Dolan, 1991).
1.2. Rotifers
The phylum Rotifera (rotifers) is a relatively small group of microscopic aquatic, or
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6semiaquatic invertebrates, encompassing about 2,000 species of unsegmented, bilaterally 
symmetrical, pseudocoelomates (Pennak, 1989). Although rotifers are a small phylum, they 
are extremely important in aquatic environments because their reproductive rates are the 
fastest for any of the metazoans. They can populate vacant niches with extreme rapidity, and 
convert primary production into a form usable for secondary consumers, producing up to 
30% o f the total plankton biomass (Nogrady, 1993). Most rotifers, ranging from 100 to 
1,000/zm long, inhabit freshwater, but some genera also occur in brackish and marine 
habitats (Nogrady, 1982). Rotifers are not as diverse or abundant in marine environments 
as microcrustaceans, but they are common in many nearshore (Heinbokel et al., 1988) and 
interstitial marine communities (Tzschaschel, 1980; Egloff, 1988) where they occasionally 
constitute the dominant portion o f the biomass (Schnese, 1973; Johansson, 1983). Limited 
data from Chesapeake Bay have suggested that the assemblage of rotifers in this estuary may 
represent a significant link in the food web. Loftus et al. (1972) observed the rapid 
development of a population o f rotifers near the Severn River in response to a temporally 
and spatially limited bloom o f phytoplankton. In a study of the predator-prey interactions 
in dinoflagellate blooms in the Chesapeake Bay, Heinbokel el al. (1988) noted rotifers 
associated with the blooms, often constituting the dominant grazer on the dinoflagellates. 
Allan el al. (1976) reported that rotifers were similar in abundance to copepods over a 
course of a year in the Rhode River. Based on production data from the literature, Allan et 
al. (1976) and Dolan and Gallegos (1992) estimated that production o f rotifers in the Rhode 
River exceeded that of the copepods. Polgar and Souza (1981), and Setzler-Hamilton el al. 
(1981) have shown that rotifers constitute a large portion of the diet o f larval fish spawned 
in Chesapeake Bay.
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71.3. Copepod Nauplii
Copepods form the bulk of the zooplankton. In both numbers of individuals and 
numbers of species they exceed the rest o f the metazoan plankton combined 
(McConnaughey, 1978). In the Chesapeake Bay region Acartia iortsa and Eurytemora affinis 
are the most abundant species (Birdsong et al., 1988, 1989; Brownlee and Jacobs, 1987). 
Nauplii of these species represent the majority of biomass in the Bay throughout the year 
(Brownlee and Jacobs, 1987) and copepod nauplii are major components in the 
microzooplankton (Houde and Lovdal, 1984; Takahashi and Hoskins, 1978). Copepod 
nauplii are the predominant food of fish larvae (Castro and Cowen, 1991; Houde and 
Lovdal, 1984; Monteleone, 1992) and also play a role as the consumer of small ciliates 
(Pace, 1986).
The first distributional survey of microzooplankton in Chesapeake Bay was conducted 
by Wolfe et al. in 1926. Except for the reference to their presence and abundance in the 
study by Park and Marshall (1993), the microzooplankton of the lower Bay is unknown 
despite some 70 years of plankton records and a considerable number of published works 
on the phytoplankton (Marshall, 1966, 1980, 1982; Marshall and Lacouture, 1986; Marshall 
and Cohn, 1987; Marshall and Alden, 1990; Ray et al., 1989; Birdsong et al., 1987, 1988, 
1989) and mesozooplankton (Jacobs et al., 1985; Birdsong et al., 1987, 1988, 1989). In the 
upper Bay, the ciliates and rotifers have been investigated by Brownlee and Jacobs (1987), 
Dolan and Coats (1990, 1991), Dolan (1991), and Dolan and Gallegos (1992). Even from 
these studies, they have only partially shown the species compositions and abundances, the 
overall distribution patterns and trophic roles of microzooplankton are still unknown.
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82. Objectives
The overall purpose of this study is to provide the first comprehensive survey of 
microzooplankton in the lower Chesapeake Bay and its major tributaries. The study will 
provide specific insight on the role and significance of this community to other components 
o f the plankton community and relationships to specific environmental parameters. The 
specific objectives o f this study are:
1. Identify the seasonal density and biomass for each microzooplankton component in the 
lower Chesapeake Bay and tributary regions.
2. Determine relationships between the microzooplankton components and specific 
physicochemical parameters in these waters. These include salinity, DO, pH, nutrients 
(total nitrogen, total phosphorus), primary production, and chlorophyll a.
3. Compare the seasonal variability of microzooplankton biomass with phytoplankton 
(including picoplankton) and mesozooplankton to identify trophic relationships 
between the microzooplankton and these populations.
4. Compare the zooplankton community structures with the degree of eutrophication.
5. Compare the above results with other microzooplankton studies in the Chesapeake Bay 
and other aquatic systems.
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MATERIALS AND METHODS
1. Sampling Area
The study was conducted at 14 stations in the Virginian portion of the Chesapeake Bay 
and its major tributaries from July 1992 through December 1995. Locations of each station 
are given in Figure 1 and Table 1. Station locations were selected based on the salinity 
regimes and freshwater input ranges at these sites. Three tidal freshwater (TF33, TF42, 
TF55), river-estuary transitional sites (RET31, RET43, RET52) and river mouth stations 
(LE36, WE42, LE55) are located in the Rappahanock, York and James River. Two stations 
are in the mid-channel of the Bay (CB61, CB64). One station is located in the Bay mouth 
area (CB74). To identify any possible differences of plankton dynamics in a highly polluted 
area, two stations (SBE2 and SBE5) were located in the southern branch of Elizabeth River, 
which has a history of industrial and domestic waste contamination.
2. Sample Collection and Analysis
Whole water samples were taken to collect a more accurate representation of the 
microzooplankton (Beers and Stewart, 1967; Brownlee and Jacobs, 1987). Two 15 liter 
carboys were filled on station with a battery powered bilge pump, taken from a vertical 
series of 5 depths above the pycnocline at six stations in the lower Bay, two stations each 
from the James, York, Rappahanock and Elizabeth Rivers.
The water in the carboys was thoroughly mixed when filled, and a 1 liter sub-sample 
was taken from each. Bottle A was immediately preserved with Lugol's solution (10ml) and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
Bottle B was treated with 200ml carbonated water to suffocate the rotifers with less body 
contraction than by direct contact with the fixative (Dolan and Gallegos, 1992; Nogrady, 
1993). The 10ml Lugol's solution was added for final preservation after 20 or 30 minutes 
o f carbonated water application to Bottle B. The samples were settled for 72 hours in the 
laboratory before a series o f two siphoning and settling steps were taken to obtain a 100ml 
concentrate from each one liter water sample. The analysis consists of three subsets from 
the 100ml concentrate. This is necessary to reduce the problem of the wide ranges of size 
varieties of the specimens and the problem of silt covering specimens (Park and Marshall, 
1993). The first step involved separating relatively large detritus and specimens such as 
rotifers, copepod nauplii and polychaete larvae from the concentrate. This step was 
accomplished by passing each 100ml concentrate through a 73|um mesh screen. The 
plankters trapped on the screen were stored in a 50 ml vial separately before reading, and 
represent the "Group I" subset. The two remaining 100ml concentrates (after sieving) were 
combined to form a 200 ml mixture. To obtain the other two subsets, the 200ml was gently 
swirled and thoroughly mixed in a graded cylinder. Based on the amount o f detritus and 
plankters, a 5 or 10ml aliquot from the 200ml mixture was taken in the three different depths 
from the cylinder and placed in a second settling chamber, with buffered 5% formalin 
solution added to total 25ml volume. After 3-5 minutes, 15ml water was removed from the 
top of the second settling chamber and placed in a third settling chamber. Both chambers 
were adjusted to 25 ml final volumes with the buffered formalin and represented Group II 
and Group III subsets, respectively. The size ranges of plankters for each group are as 
follow; Group I for over 73/nm, Group II for between 30/um and 73/zm, and Group III less
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than 30/zm in size. Group I usually includes copepod nauplii and rotifers, and Group II and 
III contain mostly ciliates. All the chambers were allowed to settle for 24 hours before 
examination with the inverted plankton microscope. Most counts were performed at I00X- 
200X and identifications at 200-400X, respectively.
Ciliates were identified using external morphology keys following Marshall (1969), 
Gold and Morales (1975), Bock (1967), Corliss (1979), Kahl (1931), Maeda and Carey 
(1985), Patterson and Hedley (1992), and Small and Lynn (1985). Rotifer identification is 
followed by Berzins (1960), Edmondson (1959) and Pennak (1989). Copepod nauplii 
classifications followed Smith (1977).
Ciliate cell volumes were calculated using an appropriate geometric formula based on 
their size and shape, and tintinnid cell volumes were considered as V2 the lorica volume 
(Beers and Stewart, 1969). Biomass estimations employed conversion of cell volumes to dry 
weight using a conversion factor of 0.279pg dry wt/ /zm3 (Gates et al. 1982). To estimate 
biomass (dry weight) of copepod nauplii, lengths were converted to dry weights using 
published length-dry weight regressions (McCauley, 1984). In the case of rotifers, 
biovolumes were calculated from the approximate geometric dimension and then converted 
to dry weight (Ruttner-Kolisko, 1977; Pace, 1982).
Physical and chemical factors were measured for analysis of species-to-environmental 
factor associations. Salinity, water temperature, dissolved oxygen (DO) and pH were 
measured at one meter intervals over the whole depth with Hydro-Lab (Model H20, Hydro- 
Lab Corporation). The other chemical data (e.g., chlorophyll, primary production and 
nutrients) were provided by the Applied Marine Research Laboratory at Old Dominion
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University. The phytoplankton and zooplankton data were provided by Dr. Harold Marshall, 
Dr. Ray Birdsong, and the Applied Marine Research Laboratory at Old Dominion 
University, from the Chesapeake Bay Plankton Monitoring Program.
3. Statistical Analysis
3.1. Principal Component Analysis (PCA)
Community studies often require inference of the species-environment relationships 
from community composition data and associated habitat measurement. Typical information 
for such study consists of two sets: data on the species composition and abundance at a series 
of sites, and data on a number of environmental variables measured at the same sites (Digby 
and Kempton, 1987; Ter Braak, 1986). Statistical methods available to analyze such data 
either assumed linear relationships, or were restricted to regression analysis of the response 
of each species separately (Ter Braak, 1988). To analyze the generally nonlinear, non­
monotone response of a community of species, a two step approach has become popular: 1) 
extract from the species data the dominant pattern of variation in community composition 
by an ordination technique, such as correspondence analysis, and 2) identify the dominant 
environmental factors by regression between the first few axes and environmental variables 
(Gauch, 1982). This two step approach is essentially Whittaker's (1967) indirect gradient 
analysis. In this study, PCA was performed to ordinate sampling units (stations) on 
hyperspace based on physicochemical parameters and to identify the physical characteristics 
of the sampling sites.
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3.2. Ouster Analysis (CA)
CA is a classification technique for placing similar entities (objects) into groups or 
"clusters" which were arranged in a hierarchical treelike structure called a dendrogram. 
Sampling units may delimit, or represent different biotic communities (Ludwig and 
Reynolds, 1988). In this study, CA (Euclidean distance) was used to classify the sampling 
months into seasonal groups.
3.3 Time Series Analysis
To identify seasonal patterns, time of peak abundance, and cross-relationship between 
microzooplankton components, time series analysis was performed using an ARJMA Model. 
The ARIMA procedure analyzes and forecasts equally spaced univariate time series data, 
transfer function data, and intervention data using the Autoregressive Integrated Moving 
Average (ARIMA) or Autoregressive Moving Average (ARMA) model (SAS, 1993). An 
ARIMA model predicts a value in a response time series as a linear combination of its own 
past values, past errors, and current and past values of other time series. The ARIMA 
approach was first popularized by Box and Jenkins (1976), and ARIMA models are often 
referred to as Box-Jenkins Models. In this study, an ARIMA model was used to identify 
periodicity of microzooplankton density and to identify cross-correlation between 
microzooplankton components. To identify any seasonal density pattern, time series data 
were cross-correlated with a cosine wave in which highest cosine value (1) was given to July 
of each year. SAS ( Statistical Analysis System) software (SAS/ETS) was used to analyze 
all the time series data.
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Fig. 1. Location of sampling stations in the Chesapeake Bay and tributaries
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Table 1. Microzooplankton sampling stations and their locations.
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Station Description Latitudes Longitudes
Tributaries
TF 33 Rappahanock River, Buoy N40 38° Or 07" 76° 54' 30"
RET 31 Rappahanock River, N Buoy RIO 37° 55' 12" 76° 49' 42"
TF 42 Pamunkey River 37° 34' 47" 77° 01' 19"
RET 43 York River, Buoy C57 37° 30' 24" 76° 47' 18"
TF 55 James River, Red Buoy 107 37° 18' 46" 77° 13, 59„
RET 52 James River, Swann's Point 37° 12' 36" 76° 47' 36"
Southern Branch of Elizabeth River
SBE 2 Southern Branch of Elizabeth River 36° 49' 57" 76° 17' 27"
SBE 5 Southern Branch of Elizabeth River 36° 45' 26" 76° 17'32"
Mainstem
LE 36 Rappahanock River Mouth 37° 35' 48" 76° 17' 06"
WE 42 York River Mouth 37° 14' 30" 76° 23' 12"
LE 55 James River Mouth 36° 59' 48" 76° 18' 12"
CB 61 Main Channel, South End 37° 35' 18" 76° 09' 45"
CB 64 Central Bay Area 37° 14' 11" 76° 12' 30"
CB 74 Bay Mouth, Baltimore Channel 36° 59' 36" 76° 00' 38"
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I. Physical and Chemical Parameters
The physical and chemical parameters at each station include salinity, water 
temperature, pH, dissolved oxygen, turbidity (Secchi depth), nutrients (total nitrogen and 
phosphorus), chlorophyll a and primary production. Some variables (nutrients and 
chlorophyll a) were measured at a limited number of stations (mainstem and Elizabeth 
River), but physical parameters (water temperature, salinity, pH, dissolved oxygen and 
turbidity) were measured at all sampling stations.
1.1. Salinity
Salinities within the study area ranged from 0 .0 0  %o at river stations (TF33, TF42, 
TF55, RET31, RET43, RET52, SBE5, SBE2) to 3 1,90%o at the Bay mouth station (CB74). 
There was a general trend of decreasing salinity with distance from the Bay mouth. 
Depending on the tidal cycle and freshwater run off, salinities varied at all the stations, with 
a maximum of 18 .70  %o annual variation at station RET52 (Table 2 ). The plot of salinity 
for each station during the sampling periods is given in Figure 2. Tidal freshwater stations 
had typically low salinity ranges (<0.5% o), except station TF33 in the Rappahanock River, 
which had a maximum of 10.00%o, with an annual average of 1.56%o during the sampling 
periods. Even though all the tidal freshwater stations had bidirectional flow (depending on 
the tidal cycle in the Chesapeake Bay), salt water intrusions were not observed at the tidal 
freshwater stations, except station TF33. Salinity from river-estuary transitional sites
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(RET31, RET43, RET52) ranged from 0.00%o to 18.70% o, with high CV values, indicating 
high seasonal variations of salinity at these stations (Table 2). In general, these sites were 
in oligohaline water, with an annual mean of 4.39% o (RET31) and 2.22%o (RET52). Station 
RET43 in the York River was continuously exposed to higher salinity than the other two 
river-estuary transitional sites, and was between oligohaline and mesohaline, with an annual 
average of 9.04%o. Two sites in the southern branch of Elizabeth River (SBE2, SBE5) also 
had wide ranges of salinity (from freshwater to mesohaline water), with an annual average 
of 17.03%o (SBE2) and !6.13%o (SBE5). However, Tukey’s grouping revealed no significant 
differences in salinity between the Elizabeth River and mid Bay stations. River mouth and 
mid Bay sites (LE36, WE42, LE55, CB61, CB64) were between meso- and polyhaline 
ranges (8.70-25.50% o), with relatively small seasonal variations (< 25%  in CV). The highest 
salinity (31.90% o) was observed at the Bay mouth (CB74), with an annual average of 
26.18% o. Month to month variation at station CB74 was smallest among the sites (1 3 .8 8 %  
in CV), indicating minor salinity fluctuation from month to month.
Geographical variations in salinity were significant at a=0.05 (calculated p=0.0001). 
Tukey’s grouping to classify the stations into similar salinity groups revealed four salinity 
regimes; Bay mouth as polyhaline, mainstem and Elizabeth River as mesohaline, RJET43, 
RET31, RET52 and TF33 as oligohaline, and TF42 and TF55 as freshwater (Table 2). A 
seasonal pattern of salinity was not apparent, with only a slight increase during fall. Model 
I ANOVA revealed no significant differences in salinity from season to season at a=0.05 
(calculated p=0.20).
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1.2. Water Temperature
Surface water temperature ranged from 1.20 °C to 32.60 “C, with highest values in 
July and August, and lowest in February (Fig. 3). There was no significant geographical 
variation in water temperatures, but water temperatures in the tributaries were slightly higher 
than those at the Bay mouth station(Table 3). The Elizabeth River had the highest annual 
mean water temperature, with 19.79±l.68°C and 17.90±1.65 “C for SBE5 and SBE2 
respectively, and had a consistently higher water temperature throughout the sampling 
periods.
Using monthly mean water temperatures (May 1993-April 1995) from 14 stations, 
cluster analysis was applied to classify the 24 sampling months into the relatively 
homogeneous seasonal groups in water temperatures. The results indicated three distinctive 
groups; summer cluster including June, July, August and September, winter cluster having 
January, February and March, and spring-fall cluster including the other five months (Fig. 
4). Even though April, May, October, November and December were classified into the 
same cluster (spring-fall cluster) in water temperatures, these months were sub-grouped into 
two groups (spring and fall), because, although the water temperature between fall and 
spring is not significantly different, ecological processes are totally different between the 
two seasons. As a result, subgroup April and May were designated into spring, and fall 
included October, November and December. Summer had four months, which indicated it 
started earlier (June) and prolonged until September. The spring period was relatively short 
due to the early increase of radiation, and fall prolonged until December in the study area.
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1.3. Dissolved Oxygen
Dissolved oxygen concentrations had an inverse seasonal pattern to water 
temperatures (Fig.5), with low values in summer and higher ones in winter, due to the 
inverse relationship between gas solubility and water temperature. DO values ranged from 
3.50 mg/1 at SBE5 in August 1993 and 15.20 mg/1 at RET31 in January 1994. Spacial 
variation was significant, with calculated p=0.0001. DO values slightly increased at the river 
stations due to the low salinity. Two stations in the Elizabeth River were significantly lower 
in dissolved oxygen, being approximately 2mg/l lower than the other similar salinity regimes 
(Table 4). Perhaps the greater organic matter input, and/or higher water temperature 
resulted in the lower dissolved oxygen in this river. Bottom anoxia in the study area was not 
observed during the sampling period.
1.4. pH
Seasonal variations of pH were not clear and not significantly different from month 
to month (Fig. 6 and Table 5). Station to station variations were significant (p=0.0001), with 
higher values in the mainstem sites and lower values at river stations. pH ranged from 5.60 
at SBE2 in September 1993 to 8.70 at CB74 in May 1993. Due to the different weathering 
processes between freshwater and salt water, pH values varied with salinity ranges. 
Mesohaline and polyhaline stations (mainstem) were about 8.00, and river stations between 
7.00 and 7.50 as a mean for the sampling period. Interestingly, two stations in the Elizabeth 
River had significantly lower pH’s than the other similar stations in salinity, with 7.33 for 
SBE2 and 7.21 for SBE5. Tukey’s grouping revealed three groups for pH; high in mainstem,
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intermediate in the Elizabeth and James River, and low in the Rappahanock and York River.
1.5. Turbidity
Descriptive statistics of turbidity measured as Secchi depth (m) are in Table 6 and the 
plot of raw data for each station in Figure 7. Secchi depths ranged from 0.10m at RET31 in 
March 1994 and 6.10m at LE36 in November 1993. Both temporal and geographical 
variations were significant at a=0.05 (p=0.014 for temporal variation, and p=0.0001 for 
geographical variation). Turbidity was high during spring and early summer (April through 
July) and low during late fall and winter ( November through January). Tukey’s grouping 
clearly classified 14 stations into two groups; low turbidity for mainstem and Elizabeth 
River sites, and high for tributary stations (Table 6). In the tributary sites, turbidity generally 
increased during ebbing and decreased during flooding due to the dilution of turbid 
freshwater with seawater.
1.6. Primary Production
Primary production rates are plotted in Figure 8 and descriptive statistics given in 
Table 7. Primary productivity ranged from a low of 1.56 /zgC/l/hr at station RET31 in 
February 1995 to 117.19 /zgC/l/hr at station CB61 in May 1993. As a grand mean from 14 
stations during the sampling periods, the primary productivity rate was 19.42 /zgC/l/hr, 
which indicated the Chesapeake Bay and its tributaries are very productive. Seasonal and 
geographical variations were significant. Tukey’s grouping indicated high production during 
summer in the James and Elizabeth River stations, but low production in winter in the Bay
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mouth and York River stations.
1.7. Nutrients and Chlorophyll a
Total nitrogen (TN), total phosphorous (TP) and chlorophyll a were measured at three 
stations in the lower Bay (CB74, CB64, LE55) and two stations in the Elizabeth River 
(SBE5, SBE2) from January 1993 through December 1994. There were significant 
geographical variations in all these parameters except for chlorophyll a. The Elizabeth River 
was consistently exposed to extremely high nutrient loading throughout the sampling periods 
(Fig. 9). TN and TP reached 1,000 (j.g/1 and 40 //g/l respectively in the river during the 
sampling periods. These levels indicated the river was hypertrophic. The Bay mouth (CB74) 
and lower Bay (CB64, LE55) were at oligotrophic and mesotrophic level respectively (Table 
8), based on the nutrient concentrations (TP and TN). In terms of the nutrient concentrations 
and chlorophyll a, the Chesapeake Bay is in a eutrophic condition, except at the Bay mouth 
region (mesotrophic).
1.8. Summary and Discussion
Using salinity, dissolved oxygen, pH, Secchi depth, and primary production data from 
14 stations, a R-strategy principal component analysis (PCA) was performed to summarize 
the physicochemical characteristics of each station. The results are given in Figure 10. 
Principal component (PC) I and II accounted for 50% and 30% of the total variation 
respectively. Salinity, Secchi depth and pH were positively correlated with PC I, and 
primary production with PC II. Dissolved oxygen was negatively correlated with PC II. Six
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stations in the tributaries were very similar in physical parameters; all are characterized by 
low salinity, high turbidity and low pH. The three stations in river-estuary transitional sites 
(RET31, RET43, RET52) were slightly moved in the positive direction on PC I when 
compared to the other three tidal freshwater stations (TF33, TF42, TF55) due to the slightly 
higher salinity in the transitional sites. Two stations in the Elizabeth River (SBE2, SBE5) 
were similar in salinity and turbidity with the other mainstem stations, but were moved in 
the positive direction on PC II due to the low dissolved oxygen, high water temperature, and 
high primary production, and in the negative direction on PC I due to the low pH. River 
mouth stations (LE36, WE42, LE55) and mid-Bay stations (CB61, CB64) had high salinity, 
low turbidity, and high pH. The Bay mouth station (CB74) moved slightly to the positive 
direction on PC I due to the highest salinity. PCA apparently separated two stations in the 
Elizabeth River from the other mainstem stations due to the low oxygen, high water 
temperature and primary production at these sites. In general, salinity, pH and turbidity were 
the most critical factors to divide the sampling sites into relatively homogeneous subgroup 
along physicochemical parameters.
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Fig.2. Monthly variation of salinity (%o) at each station
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Table 2. Descriptive statistics of salinity (%o) at each station from May 1993
through April 1995. Raw data were transformed to square root for Tukey 
Grouping. Means with the same vertical line are not significantly different 
at a=0.05.
Station Mean SE Min Max CV
CB74 26.57 0.75 19.00 31.90 13.88
LE55 20.25 0.77 11.20 24.80 18.72
CB64 19.66 0.72 12.00 25.50 17.90
WE42 18.99 0.71 12.70 24.50 18.27
SBE2 17.45 1.13 0.10 22.80 31.64
SBE5 16.75 1.03 0.00 21.80 30.13
CB61 16.31 0.80 8.70 23.50 23.97
LE36 15.56 0.70 8.70 21.00 22.07
RET43 9.15 0.95 0.80 16.40 50.81 |
RET31 4.55 0.83 0.00 16.80 89.44 j
RET52 2.47 0.83 0.00 18.70 165.55
TF33 1.64 0.51 0.00 10.10 152.04
TF55 0.07 0.01 0.00 0.30 97.45
TF42 0.03 0.01 0.00 0.30 236.66
Tukey Grouping
SE : Standard Error of the Mean. CV: Coefficient of Variance
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Table 3. Descriptive statistics of water temperature (°C) at each station from May 
1993 through April 1995. Raw data were transformed to square root for 
Tukey Grouping. Means with the same vertical line are not significantly 
different at a=0.05.
Station Mean SE Min Max CV
SBE5 19.79 1.68 3.10 32.60 41.51
SBE2 17.90 1.65 3.53 29.40 45.23
TF55 17.37 1.83 3.90 31.10 51.50
RET52 17.01 1.73 4.00 29.30 49.74
RET43 16.78 1.80 2.30 29.70 52.46
TF42 16.75 1.87 1.20 30.40 54.78
TF33 16.10 1.86 1.90 28.70 56.59
RET31 15.98 1.84 1.90 28.80 56.43
WE42 15.97 1.74 2.90 29.70 53.42
LE55 15.38 1.60 2.90 26.80 51.03
LE36 15.13 1.80 2.30 29.70 58.21
CB64 15.11 1.71 2.00 29.10 55.34
CB61 14.85 1.82 1.40 29.10 60.11
CB74 14.51 1.49 3.30 25.20 50.37
 Tukey Grouping
SE : Standard Error of the Mean. CV: Coefficient o f Variance
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Table 4. Descriptive statistics of dissolved oxygen (mg/l) at each station from May 
1993 through April 1995. Raw data were transformed to square root for 
Tukey Grouping. Means with the same vertical line are not significantly 
different at a=0.05.
Station Mean
RET31 10.44
RET52 10.24
TF33 10.21
TF55 10.13
CB61 9.95
WE42 9.78
LE36 9.74
RET43 9.57
CB64 9.43
LE55 9.26
CB74 9.25
TF42 9.09
SBE2 7.46
SBE5 7.06
SE Min
0.45 6.60
0.41 6.70
0.47 6.90
0.44 5.60
0.49 6.40
0.50 5.70
0.43 6.10
0.49 6.40
0.42 5.20
0.43 6.00
0.32 6.80
0.56 5.80
0.54 4.00
0.48 3.50
Max CV
15.20 21.08
13.80 19.77
14.70 22.77
13.90 21.49
14.00 24.19
14.90 24.81
13.50 21.42
14.40 25.23
13.30 21.83
14.80 22.93
12.30 17.12
14.80 30.23
13.10 35.76
12.80 33.09
Tukey Grouping
SE : Standard Error of the Mean. CV: Coefficient o f Variance
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Table 5. Descriptive statistics of pH at each station from May 1993 through April 
1995. Raw data were transformed to square root for Tukey Grouping. 
Means with the same vertical line are notsignificantlyy different at a=0.05.
Station Mean
CB64 8.09
LE36 8.02
CB74 8.00
WE42 8.00
CB61 7.99
LE55 7.97
RET52 7.55
TF55 7.39
SBE2 7.33
SBE5 7.21
RET31 7.13
TF42 7.12
TF33 7.09
RET43 7.05
SE Min
0.03 7.60
0.05 7.60
0.05 7.30
0.05 7.70
0.07 7.03
0.03 7.60
0.09 6.80
0.07 6.60
0.10 5.60
0.10 5.70
0.08 6.40
0.10 6.20
0.07 6.40
0.08 6.10
Max CV
8.30 2.01
8.60 3.29
8.70 3.21
8.50 2.90
8.60 4.08
8.30 1.94
8.30 5.79
8.10 4.79
8.30 6.87
8.10 6.56
7.90 5.51
8.30 6.80
7.50 4.68
7.80 5.57
Tukey grouping
SE : Standard Error of the Mean. CV: Coefficient of Variance
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2
R ET52 RET43 RET31
1
0
6
LE55 --  WE42 LE36
o.
C B 74  CB64 CB61
4
3
2
1
0
5 I
S B E 2  SBE5
5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 d 10 11! 12 1 2 3 4 5 6
1993 1994 Months igg5
Fig.7. Monthly variation of Secchi Depth (m) at each station
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
33
Table 6. Descriptive statistics o f Secchi depth (m) at each station from May 1993 
through April 1995. Raw data were transformed to square root for Tukey 
Grouping. Means with the same vertical line are not significantly different 
at a=0.05.
Station Mean SE Min Max CV Tukey Grouping
CB61 2.00 0.18 0.80 4.50 43.62
LE36 1.95 0.21 0.90 6.10 53.85
CB74 1.85 0.11 1.20 3.00 28.82
CB64 1.77 0.11 1.00 2.90 29.89
WE42 1.63 0.11 0.80 2.70 34.33
SBE2 1.42 0.17 0.60 4.30 59.30
LE55 1.32 0.11 0.60 2.30 39.70
SBE5 1.24 0.13 0.50 2.70 50.03
TF42 0.62 0.04 0.30 1.00 28.88
RET52 0.57 0.06 0.20 1.40 52.80
RET43 0.51 0.04 0.30 1.20 37.56
RET31 0.50 0.06 0.10 1.70 61.29
TF33 0.48 0.04 0.20 0.90 38.42
TF55 0.48 0.02 0.20 0.70 20.39
SE : Standard Error of the Mean. CV: Coefficient of Variance
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Table 7. Descriptive statistics of primary production (//gC/l/hr) at each station from 
May 1993 through April 1995. Raw data were transformed to log (x+1) 
for Tukey Grouping. Means with the same vertical line are not 
significantly different at a=0.05.
Station Mean SE Min Max CV
LE55 29.03 4.26 6.03 88.89 71.82
TF55 27.31 5.15 1.85 85.23 92.28
SBE2 26.06 5.53 1.98 88.92 103.90
SBE5 24.14 6.02 1.97 111.08 122.14
RET52 21.73 4.24 1.86 90.58 95.50
LE36 21.03 4.25 4.53 99.54 99.12
CB61 19.97 4.81 3.52 117.19 117.93
TF33 19.58 4.25 1.72 97.26 106.26
WE42 17.86 3.73 2.95 86.69 102.17
CB64 15.83 2.44 4.16 58.94 75.68
RET43 15.73 2.10 2.11 38.70 65.53
RET31 15.23 2.49 1.56 50.27 80.22
CB74 10.78 1.39 4.15 31.87 63.25
TF42 7.53 1.42 1.66 25.4 92.57
SE : Standard Error o f the Mean. CV: Coefficient of Variance
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Table 8. Descriptive statistics of nutrients and chlorophyll a  at each station from 
May 1993 through April 1995. Raw data were transformed to log (x+1) 
for Tukey Grouping. Means with the same vertical line are not 
significantly different at a=0.05.
Chlorophyll a (pg/l)
Station Mean SE Min Max CV Tukey Grouping
SBE2 10.45 2.37 0.67 44.15 110.99
LE55 9.92 1.49 2.43 36.00 73.38
SBE5 7.72 1.46 0.59 30.85 92.50
CB64 7.63 0.93 2.24 18.83 59.88
CB74 6.38 0.56 3.20 12.10 42.81
Total Dissolved Nitrogen (y.g/1)
Station Mean SE Min Max CV Tukey Grouping
SBE5 1116.29 75.24 655.00 2019.00 33.02
SBE2 936.10 58.83 623.00 1901.00 30.79
CB64 309.15 23.59 170.00 670.50 37.38
LE55 306.10 18.77 207.00 618.00 30.05
CB74 219.73 15.31 90.00 384.50 34.14 1
Total Dissolved Phosphorus (p.g/1)
Station Mean SE Min Max CV Tukey Grouping
SBE5 43.75 5.26 10.00 99.00 58.87 1
SBE2 41.33 5.28 6.00 84.00 62.61 1
LE55 15.02 1.89 5.00 38.00 61.59
CB74 11.10 1.10 5.00 23.00 48.31
CB64 9.92 0.76 5.00 17.00 37.72
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2. Temporal Distribution Patterns of Microzooplankton Density and Biomass
The raw data (density and biomass) for each microzooplankton component were 
plotted for each station during the sampling periods. The annual mean density and biomass 
were then determined. To identify seasonal cycle and abundance peak, time series analysis 
(ARIMA Model) was performed. Autocorrelation function coefficients (AFC) were used to 
identify the seasonal cycle, and cross-correlation coefficients between seasonal density and 
cosine wave to identify the month o f peak abundance. Cross-correlations between 
microzooplankton components were also checked to identify similarity in seasonal density 
patterns. The annual mean density and biomass were compared to those from other aquatic 
systems.
2.1. Total Microzooplankton
The microzooplankton of Chesapeake Bay and its tributaries were a taxonomically 
diverse group of organisms composed of primarily protozoans, rotifers and copepod nauplii. 
Protozoans were numerically dominant in the microzooplankton samples and most o f these 
were ciliates. Microzooplankton were identified to broad taxonomic groups (e.g., aloricated 
ciliates, loricated ciliates, rotifers and copepod nauplii). The density of microzooplankton 
over the sampling period from 14 stations in the Bay and major tributaries ranged from a 
low of 68 organisms/1 in April 1995 at station CB61 to 33,949 organisms/1 in August 1993 
at station SBE2 (Fig. 11). As a grand mean abundance from July 1992 through December 
1995 from the 14 stations in the Chesapeake Bay and major tributaries, the 
microzooplankton concentration was 5,494±218 organisms/1 (Table 9). Using monthly
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means from 14 stations, spring (April and May) through summer (June, July and August) 
was a period of consistently high microzooplankton abundance with a sharp decrease in fall 
at most stations. Ciliates were the major component of microzooplankton in number, 
contributing more than 90% of total abundances. Aloricated ciliates comprised 59% of the 
total microzooplankton density, with loricated ciliates representing 39%, as a grand mean 
during the sampling period. Aloricated ciliates usually outnumbered loricated ciliates 
throughout the sampling months and stations. Rotifers and copepod nauplii contributed only 
4% and 2% of the total microzooplankton density respectively (Table 9). The two year 
average microzooplankton biomass (January 1994- December 1995) from 14 stations was 
113.32±6.43 /ug dry wt/1 (77 \igC/l), with a minimum of 2.90 pig dry wt/1 and a maximum 
of 1114.7 pig dry wt/1 (Table 9). Maximum biomass occurred at station RET31 in May 1994 
and the minimum at station SBE2 in February 1995 (Fig. 12). Seasonal patterns of biomass 
followed copepod nauplii abundances since copepod nauplii contributed the highest 
proportion of total microzooplankton biomass (»77%). Peak biomass usually occurred in 
mid summer through early fall due to the high density of copepod nauplii, with an additional 
ciliate peak in late spring (May). Ciliates and rotifers represented 18% and 5% of the total 
microzooplankton biomass, respectively (Table 9). In contrast to density composition, 
copepod nauplii comprised highest portions of microzooplankton biomass, but rotifers made 
a small contribution to both density and biomass of the total microzooplankton.
2.2. Copepod Nauplii
A variety of copepod nauplii, representing different species and stages-in-
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development, were present in the samples. Most o f the copepod nauplii had size ranges of 
80-200 /zm (excluding appendages). Peak concentration occurred at RJET43 in September 
1992, with the abundance of 1,418/1 and the lowest concentration contained one individual/1 
at station CB64 in December 1993 (Fig. 13). Autocorrelation plots for each station identified 
a strong cycle in copepod nauplii concentrations during the sampling period (Fig.21). All 
the correlation values from the 14 stations were significant at tx=0.05. A 12 month peak in 
the autocorrelations confirmed the presence of a year cycle in copepod nauplii density. The 
results of cross-correlation analysis for copepod nauplii are given in Figure 25. Eight of 
fourteen stations had the highest positive correlation at lag - I, which indicated an August 
peak in copepod nauplii density. Five stations had July peaks and only one station (RET31) 
indicated a June peak. In general, the seasonal pattern of copepod nauplii density had the 
highest concentration during mid summer (July, August) with a gradual decrease in fall. 
Across all stations and sampling months, average concentration of copepod nauplii was 
115.42±6.53 organisms/1 and represented the smallest portion of the total microzooplankton 
density (2%). To estimate biomass of the copepod nauplii, their body length (except 
appendages) was directly applied to length-weight regression equation by Rosen (1981); In 
wt = 0.6977 + 0.4691nL, where L= body length (mm) and wt= dry weight (/zg). The mean 
biomass of copepod nauplii comprised the highest proportion (77.45%) of total 
microzooplankton biomass, however, these taxa represented only 2.10% of the total 
microzooplankton density. Their biomass range was 0.78 - 1078.48 jzg dry wt/1, with a 
grand mean of 87.77±6.20 /zg dry wt/1 throughout the sampling period (Fig. 14). Time series 
analysis for copepod nauplii biomass was not applied due to the short time periods of
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observations (two years). In general, peak biomass values occurred in late summer and early 
fall (August - September) in the meso- and polyhaline stations, and in spring and early 
summer at the tidal freshwater and river-estuary transition sites (Fig. 14).
2.3. Rotifers
Rotifers were most abundant at freshwater and river-estuary transition sites during 
summer, and at the Bay and Elizabeth River stations during late fall and winter (Fig. 15). 
Keratella cochlearis, Brachiomis angularis, Brachionus calyciflorus, and Fil'mia longiseta 
were dominant species at the freshwater stations during summer. Synchaeta species 
dominated the mesohaline stations during late fall and early winter, and Trichocerca marina 
and Polyarthra vulgaris were ubiquitous throughout the stations. Rotifers were absent in 
samples from the meso- and polyhaline stations during summer and at freshwater stations 
during winter. Thus, their concentrations ranged from zero at some stations to a maximum 
of 7,646 organisms/1 in August 1995 at station RET31 (Fig. 15). In general, the rotifers 
made small contributions to the total microzooplankton density and biomass. As a grand 
mean, the rotifer density and biomass were 231.99±23.64 organisms/1 and 5.33±0.66 fig  dry 
wt/i. They comprised 4.22% of the total microzooplankton density and 4.70% of the total 
biomass (Table 9). However, when considered only at the tidal freshwater stations, rotifer 
proportions were doubled, constituting 9 % (442 organisms/1) of the total density and 12% 
(10 fig  dry wt/1) of the total biomass. In 10 of 14 stations, time series data of rotifer density 
indicated significant autocorrelation. All the tidal freshwater and mid Bay stations had strong 
autocorrelation (Fig.22). A 11 or 12 month peak in the autocorrelation revealed a year cycle
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in rotifer density. Cross-correlation with the cosine wave indicated two different seasonal 
patterns in rotifer density from the sampling stations (highest cosine value, 1, given to July 
of each year). All the tidal freshwater (TF33, TF42, TF55) and two river-estuary transition 
sites (RET31, RET52) showed mid summer peaks (July, August). However, all the Bay and 
Elizabeth River stations (meso- or polyhaline) had a negative correlation at lag 0, which 
indicated low concentration o f rotifers in July (Fig.26). The highest positive correlations 
were at lag 5 or lag -6, which indicated high concentration of rotifers during winter 
(December through March). These differences in seasonal patterns o f rotifer density can be 
interpreted by species characteristics. Freshwater dominated taxa (Brachionns, Keratella and 
Filinia) were abundant during mid summer but meso- and polyhaline water species (mainly 
Synchaeta spp.) dominated during winter at the Bay and Elizabeth River stations. 
Interestingly, station RET43 had a different pattern from the other river-estuary transition 
sites. It showed a fall peak (October) due to the high abundance of Synchaeta and 
Trichocerca species. The difference in this seasonal pattern of rotifer density between station 
RET43 and the other river-estuary transition sites may be due to salinity; since station 
RET43 had higher salinity of 5 - 7%o than the other two river-estuary transition sites (Table 
2). Seasonal density pattern and species composition of rotifers were greatly different 
depending on the salinity level at stations (details on Chapter 3).
2.4. Loricated Ciliates
Loricated ciliates less than 30pm in diameter dominated numerically at all the stations 
and included the small tintinnids, Tmtinnopsis minnta, T. acuminata and T. parva. Favella
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spp. Tintinnopsis fimbriata and Tmtinnopsis radix were abundant in size group I (>73 
//m)with Eutintinnus spp. and Helicostomella subulata in size group II (30-73^m). The 
seasonal variation of loricated ciliate density is shown in Figure 17. Autocorrelation for 
loricated ciliates was not significant at most stations. Only three of fourteen stations showed 
significant correlation (TF42, TF55, SBE2). Based on the results of time series analysis from 
the three stations, the autocorrelation plots identified a strong cycle in loricated ciliate 
density. A 11 or 12 month peak in the autocorrelation revealed the presence of a year cycle 
(Fig. 23). Cross-correlation values with the cosine wave indicated significant differences in 
the seasonal density pattern from station to station for loricated ciliates. Tidal freshwater and 
river-estuary transition sites had the highest positive correlation at lag 0 or lag 1, which 
indicated mid summer peaks (July, August). However, meso- and polyhaline stations 
generally had a March through June peak. Some stations (RET43 and LE36) had an 
indication of a fall peak (October), although the correlation coefficients were not statistically 
significant (Fig. 27). The mean density during the sampling period was 1,928.07±116.62 
organisms/1, with a minimum of zero concentration at CB61 in April 1995 and a maximum 
of 26,365 organisms/1 at TF33 in June 1994. Although these taxa were less abundant than 
aloricated ciliates, they contributed 35% of the total microzooplankton density (Table 9). 
The biomass of loricated ciliates ranged from zero to 62.13 pg  dry wt/1, with an annual mean 
of 7 .10±0.52 p.g dry wt/1 comprising 6.27% of total microzooplankton biomass. Seasonal 
patterns for biomass were similar with density changes; high during spring and summer, but 
low in late fall and winter (Fig. 18).
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2.5. Aloricated Ciliates
Aloricated ciliates were the most abundant microzooplankton component. Common 
genera within this group were Strombidium, Strobilidium  (Oligotricha), Didinium 
(Holotricha) and Vorticella. Seasonal density randomly fluctuated throughout the stations 
(Fig. 19). Only three of fourteen stations had significant autocorrelations for time series data 
o f aloricated ciliate density: these were stations LE36, RET43 and SBE2. From these 
stations, there was an indication of a year cycle in aloricated ciliate density (Fig.24). Using 
cross-correlation analysis, the peak abundance for aloricated ciliates occurred from May 
through October depending on stations (Fig.28). Concentrations ranged from 20 to 32,287 
organisms/l, with a grand mean of 3218.13±166.85 organisms/1. They had the highest 
proportion of the total microzooplankton density (59%). Their highest density was over
20,000 organisms/l at SBE2 and SBE5 in August 1993, and at TF33 in April 1995. The 
biomass of aloricated ciliates ranged from near zero to 85.33 /ug dry wt/1 at LE55 in 
February 1994, with a grand mean of 13.13±0.82 fxg dry wt/1 (Fig. 20). The mean 
contribution of aloricated ciliates to the total microzooplankton biomass was 11.59%. The 
small ciliates (<30pon) had the highest portions of density, although their contribution to the 
total microzooplankton biomass was relatively small. Peak biomass for this group occurred 
in spring along with a high density of small ciliates, plus an additional peak in fall (October- 
November) by the larger ciliates which were dominated by Didinium spp..
2.6. Other Microzooplankton
Polychaete larvae were occasionally abundant (20-30/1) at meso- and polyhaline
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stations during late summer and fall, but never observed at freshwater stations. Most 
polycheate larvae exceeded microzooplankton size ranges (20-200/^m) and made very small 
contribution to the total microzooplankton (<0.1%). Some metazoan eggs, tunicates and 
sarcodina were observed in samples, but they were very low in numbers (<5 individuals/1).
2.7. Summary and Discussion
Protozoan ciliates were a major component o f microzooplankton in the Chesapeake 
Bay and major tributaries contributing over 90% of total microzooplankton density. Another 
major component was copepod nauplii accounting for 77% of total biomass. Rotifers 
contributed 4% of the total density and 5% of the total microzooplankton biomass. Ciliates 
were predominantly oligotrichs, less than 30/mi in diameter, and ranged from 20 to 32,287/1. 
Aloricated ciliates outnumbered loricated ciliates, which comprised 35% of total density. 
Dominant genera were Tmtinnopsis for the loricated ciliates, with Strombidium and 
Strobilidium for the aloricated ciliates, and Trichocerca, Polyarthra, Synchaeta, Brachionus, 
and Keratella for the rotifers. The autocorrelation analysis for each microzooplankton 
component revealed an annual cycle (11 or 12 month) in microzooplankton density. 
Autocorrelation coefficients for copepod nauplii and rotifers were significant throughout 
the stations, but not for ciliates. This non-consistency in the seasonal pattern of ciliates may 
be due to the great temporal and spacial heterogeneity of population density within a short 
time period and a small area. Ciliates have high specific growth rates and short generation 
times when compared with other small animals such as nematodes and coelenterates 
(Layboum-Parry, 1992). From the literature, generation times of field populations ranged
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from 12.8 to 22.4 hours for oligotrich ciliates (Layboum-Parry, 1992), while copepod 
nauplii had 28.6 day from copepodite stage I to stage 6 (Christou and Verriopoulos, 1993). 
The specific growth rates ( r = ( In Nt - In N„) / t, where N„ and N, are the initial and final 
concentrations of organisms at the beginning and end of the time interval t ) ranged from 
0.69 to 1.80/day for ciliates (Layboum-Parry, 1992) and less than 1/day for rotifers (Pennak, 
1989; Stemberger, 1987; 1988). To make some reasonable assumptions, consider a ciliate 
population with a specific growth rate (r) of I per day. The population density after one day 
will be about 2.7 times of initial population density. With such rapid division rates it is easy 
to see how a large population of a given species can develop over a short period o f time 
when suitable temperature and abundant food prevail. Moreover, a one month sampling 
interval may be too long to estimate a true monthly population density for ciliates, when 
considering the short generation time and rapid growth rates. Encystment is also a well- 
known event for both loricated and aloricated ciliates (Reid and John, 1978; Reid, 1987). 
This event contributes to great fluctuation of the population density over a short time period. 
For instance, Reid (1987) reported the flux rate o f Strombidhm crassidum reached 35,000 
organisms/m2/d in a coastal region. The cysts eventually reach the sediments from which 
they are frequently resuspended by tides and storms. The large dormant encysted population 
can quickly excyst and recolonize the planktonic zone when food and other conditions 
become favorable (Layboum-Parry, 1992). Evidence for the role of the cyst in the seasonal 
abundance of tintinnids comes from a study of Helicoslomella siibulata, (also abundant in 
the Chesapeake Bay), in waters off Nova, Scotia, Canada (Reid, 1987). By his study, cysts 
began to appear in early August, becoming more abundant through December to as many
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as 100,000 tintinnids/liter. The spacial heterogeneity can also produce sampling errors. In 
the real habitat, patches of protozoa may be considerably smaller and defined protozoan 
communities are known to occur in niches as small as on the scale o f millimeters (Fenchel, 
1987). The spacial and temporal heterogeneity in ciliates may influence the estimation of 
population density if sampling frequency and spacial coverage are not enough to cover the 
heterogeneity. The cross-correlation analysis identified seasonal peaks for each 
microzooplankton component. Copepod nauplii showed mid summer peaks (July, August), 
but rotifers had two different patterns in seasonal density. From the tidal freshwater and 
river-estuary transition sites, rotifers had a mid summer (July, August) peak in density, while 
meso- and polyhaline stations (Bay and Elizabeth River) showed a winter peak (December 
through March). These differences in rotifer density patterns were due to the differences in 
species development. Cold water species, Synchaeta spp., exclusively dominated at meso- 
and polyhaline stations during winter. However, the freshwater Keratella, Brachiomis, and 
Filinia species were abundant during summer. Cross-correlation analysis between 
microzooplankton components was also carried out to identify a delay in seasonal density 
patterns (Fig. 29-34). To remove significant autocorrelations for each time series data prior 
to cross-correlation analysis, several models were fitted to find one that provided an 
adequate fit to the data until the autocorrelations of residuals were not significant (Q- 
statistics). AR1 (autoregressive parameter 1), or AR.1 and MAI (moving-average parameter 
1) models were adequate for most time series data. Some of cross-correlation coefficients 
at each station were statistically significant for all the microzooplankton combinations. 
Cross-correlation between copepod nauplii and rotifers revealed no delay in the freshwater
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and river-estuary transition sites except RET43. However, in the meso- and polyhaline 
stations, there was a 6-8 month delay. Once again these differences were due to high 
abundance o f Synchaeta spp. in the saline water stations during winter (Fig.29). Copepod 
versus loricated ciliates showed a 0-3 month delay in seasonal density patterns (Fig. 30). 
Cross-correlation between copepod nauplii and aloricated ciliates also revealed a 1-3 month 
delay (Fig.31). In general, ciliates started to develop a couple of months earlier than 
copepod nauplii. These results indicated ciliates could be a possible prey for copepod 
nauplii in the Bay and tributaries in terms of the density pattern o f prey-predator relationship 
(Wilson and Bossert, 1971). It is common for predation by copepods on planktonic ciliates 
(Stoeckerand Egloff, 1987; Gilbert, 1980; Robertson, 1983). Rotifers versus ciliates showed 
no significant cross-correlation at most stations (Fig. 32 and 33). Only four stations had 
significant correlations between rotifers and loricated ciliates. Two of the cases revealed no 
delay in seasonal density patterns between the two microzooplankton components, with one 
month delay for station LE36 and a three month delay for CB61. Only one station (TF55) 
showed strong relationship between rotifers and aloricated ciliates, with no delay (Fig. 33). 
Cross-correlation between two ciliate components was not statistically significant at most 
stations. From the stations that had significant correlation (TF55, SBE2), there was an 
indication of no delay in seasonal density patterns between the two ciliate components (Fig. 
34).
The microzooplankton density and biomass ranges in this study were comparable to 
other microzooplankton studies (Table 9). To convert ciliate biovolume to dry weight or 
carbon content, many conversion factors have been reported; 0.088 pgC//zm3 from
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Heinbokel (1978), 0.190 pgC//zm3 from Putt and Stoecker (1989), 0.08 pgC/^m3 from Beers 
and Stewart (1970), 110 fgC/^m3 from Turley et al. (1986), 0279 pg dry wt/^m3 from Gates 
et al. (1982) and 0.17 pg dry wt///m3 from Laybourn and Finlay (1976). In this study, Putt 
and Stoecker’s conversion factor (0.190 pgC/jum3) was selected, based on its general 
acceptance in other recent papers (Buskey, 1993; Edwards and Burkill, 1995; James and 
Hall, 1995; Lynn el al., 1991). Biomass calculated from other conversion factors was, 
therefore, corrected for comparison with this study.
In the upper Chesapeake Bay, Dolan and Coat (1990) found 3,000 (September) to
23,000 ciliates/1 in April, with the biomass ranging from 17.3 to 32.4 p.gC/1. Dolan(1991) 
reported ciliate density of 400 to 78,600/1, with high dominance of microphagous ciliates. 
Ciliate density and biomass in the upper Chesapeake Bay were slightly higher than found 
in this study having an annual mean density o f 5,146 organisms/l and a biomass of 13.7 
/zgC/1. Species compositions within the lower and upper Bay were similar; with small 
ciliates (<30/im) dominant throughout the stations and mainly composed of Strombidium, 
Strobilidium and Balanion for aloricated ciliates, and Tintinnopsis mimita, T. acuminata for 
loricated ciliates ( Dolan, 1991; Park and Marshall, 1993 ).
In other estuarine systems, Hargraves (1981) reported tintinnid density ranged from 
20 to 13,900/1 in Narragansett Bay, Rhode Island. In a subtropical estuary, Buskey (1993) 
found high density of total microzooplankton which ranged from 32,300 to 50,800/1 in 
Nueces and Corpus Christi Bay, Texas, and 17,000 tintinnids/1 and 31,000 aloricated 
ciliates/1 in San Antonio Bay. Smetacek (1981) reported ciliate density from 2,000 to 
28,000/1 with 1.7 to 17.2 /zgC/I for biomass in the Kiel Bight during spring. In coastal areas,
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ciliate abundances were much smaller than in estuarine systems; 200-630 ciliates/1 in North 
Pacific near San Diego (Beer and Stewart, 1969), and 205-1,204 ciliates/l in the West Coast 
of New Zealand (James and Hall, 1995).
In freshwater, high abundances o f ciliates have also been reported; 10,060-18,460 
ciliates/1 in Lake Constance, Germany (Muller et al., 1991) and 3,318-21,556 ciliates from 
12 lakes in Quebec, Canada (Pace, 1986). These ranges are higher than those in the tidal 
freshwater stations which ranged from 2,600 to 5,868/1 in this study.
Discoloration of water due to the mass occurrence of oligotrichs was reported by Dale 
and Dahl (1987) in southern Norway. They found over two million individuals/1 (S. 
reticulalum) . In the Chesapeake and tributaries discoloration by heterotrophic ciliates was 
not found during these collections. However, Mesodinium nibmm  (autotrophic ciliate) 
caused an extensive reddish-brown discoloration of surface water at the Bay mouth (CB74) 
in October 1995, having over 350,000 individuals/1 (personal observation).
Rotifers dominated the freshwater stations with a maximum density of 7,646 
organisms/l. Their overall contribution to the total microzooplankton density and biomass 
was small compared to the ciliates and copepod nauplii. The rotifers were numerically 
abundant for limited periods of time at stations; especially during summer at freshwater 
stations, and during late fall and winter at mesohaline stations. Dolan and Gallegos (1992) 
reported an average density of rotifers, 1,000 organisms/l, in the Rhode River estuary 
(eutrophic subestuary of Chesapeake Bay) from March through September. The genera 
Synchaeta and Brachiomis were dominant in the estuary. In the Potomac River estuary 
(5.35-18.96%o), Heinbokel et al. (1988) reported Syncheata dominated the rotifer
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population, which ranged from 5 to 4,000 organisms/l. These results are comparable with 
this study in terms of species composition and density. Hemroth (1983) also reported a 
rotifer community in the Gullmar Fjord, Sweden where salinity ranged from 16.5 to 29. l%o. 
He found a maximum of 85 organisms/l of Synchaeta vorax in May, with less o f a peak in 
April. Synchaeta species appear to be dominant in the oligo- and mesohaline system during 
cold seasons. Although rotifers contributed small portions of the total microzooplankton 
density and biomass, they should be considered a major component of the microzooplankton 
because their reproductive rates are the fastest for any of the metazoans (Nogrady, 1993). 
By Pennak(1989)’s broad survey on rotifer density, it is obvious that most plankton 
community averages between 40 and 500 rotifers per liter, with population in excess of
1,000 per liter being unusual. In this study, freshwater stations during summer months had 
over 1,000 rotifers per liter (even exceeding 7,000/1), which indicated the rotifer population 
could comprise large portion of the total microzooplankton density. Based on production 
data from the literature, Allan et al.(1976) and Dolan and Gallegos (1992) estimated that 
production of rotifers in the Rhode River (Chesapeake Bay tributary )exceeded that of the 
copepods. In the upper Bay, Brownlee and Jacobs (1987) indicated copepod nauplii density 
ranged from 136 to 171 organisms/l in the Choptank River and 75 to 109 organisms/l in the 
Chester River, collected with 20/j.m mesh nets. Nauplii studies in the literature are rare. In 
addition, comparison of microzooplankton density for Chesapeake Bay to those o f other 
systems is difficult since collecting techniques, frequencies and reading accuracy differ from 
study to study, and also fundamental differences between systems in terms of salinity ranges 
and trophic conditions, etc.
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Total microzooplankton composition in terms of the biomass and density has not been 
reported from estuaries. But in the freshwater systems, Pace (1986) reported the 
microzooplankton composition from 12 lakes in Quebec, Canada. Based on his results total 
microzooplankton biomass ranged from 23.9 to 147.7 \ig  dry wt/1, with a mean of 74.5 fj.g 
dry wt/1. Copepod nauplii contributed 43% of total biomass with ciliates 34% and rotifers 
16%. His results were a little different in the relative contribution for each microzooplankton 
component to the total. Copepod nauplii contribution to the total biomass was a little less 
than found in this study ( 77%), and ciliates and rotifers were a slightly higher ( 18% for 
ciliates and 5% for rotifers, respectively). But the level of their relative contribution was 
similar in this study; with the highest proportion by copepod nauplii, and ciliates and rotifers 
followed. These differences may be due to the fundamental difference between fresh and salt 
water systems. In freshwater, the relative proportion of rotifers increased, while copepod 
nauplii decreased. The contribution of ciliates was very similar in both systems. In summary, 
the copepod nauplii comprised the highest proportion of the total microzooplankton biomass. 
However, the ciliates and rotifers should also be considered as major components of the 
microzooplankton because their rapid growth rates and short generation time may result in 
a significant contribution to the secondary production by the microzooplankton.
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Table 9. Descriptive statistics of microzooplankton density and biomass at 14 stations 
(Density July 1992-December 1995, Biomass January 1994-Decemberl995)
Density (no./l)
Components N Mean SE MIN MAX Percent
Copepod Nauplii 531 115.42 6.53 1.00 1418.00 2.10
Rotifers 531 231.99 23.64 0.00 7646.00 4.22
Loricated Ciliates 531 1928.07 116.62 0.00 26365.00 35.10
Aloricated Ciliates 531 3218.13 166.85 20.00 32287.00 58.58
Total Microzooplankton 531 5493.62 218.07 68.00 33949.00 100.00
Biomass (|jg dry wt/1)
Components N Mean SE MIN MAX Percent
Copepod Nauplii 336 87.77 6.20 0.78 1078.48 77.45
Rotifers 336 5.33 0.66 0.00 145.52 4.70
Loricated Ciliates 336 7.10 0.52 0.00 62.13 6.27
Aloricated Ciliates 336 13.13 0.82 0.00 85.33 11.59
Total Microzooplankton 336 113.32 6.43 2.90 1114.74 100.00
N: number of observations SE: standard error of the mean
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Fig. 26. Rotifers. Cross-correlation function of logged concentration of rotifers with 
cosine wave. Dashed lines indicate two standard errors
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Fig. 27. Loricated ciliates. Cross-correlation function of logged concentration of loricated 
ciliates with cosine wave. Dashed lines indicate two standard errors
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Fig. 28. Aloricated ciliates. Cross-correlation function of logged concentration of
aloricated ciliates with cosine wave. Dashed lines indicate two standard errors
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Fig. 29. Cross-correlation function between copepod nauplii and rotifers. Dashed lines in 
cross-correlation plots indicate two standard errors
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Fig. 30. Cross-correlation function between copepod nauplii and loricated ciliates. 
Dashed lines in cross-correlation plots indicate two standard errors
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Fig. 31. Cross-correlation function between copepod nauplii and aloricated ciliates. 
Dashed lines in cross-correlation plots indicate two standard errors
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Fig. 33. Cross-correlation function between rotifers and aloricated ciliates. Dashed lines 
in cross-correlation plots indicate two standard errors
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Fig. 34. Cross-correlation function between loricated ciliates and aloricated ciliates. 
Dashed lines in cross-correlation plots indicate two standard errors
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Table 10. Variability o f microzooplankton concentration (no./l) and biomass (/zgC/l).
Biomass values are recalculated from the originals due to the different conversion 
factors using 0.19 pgC/ptm3 by Putt and Stoecker (1989).
Systems Ranges Components Months Reference
Density (no.A)
Upper Chesapeake Bay 900 - 38,600 
1,800 -78,600 
400 - 2,800
macrophagous ciliates Apr - Oct 
microphagous ciliates Apr - Oct 
predacious ciliates Apr - Oct
Dolan (1991)
Upper Chesapeake Bay 3,000-23,000 total ciliates Apr - Sep Dolan & Coats (1990)
Lower Chesapeake Bay 
and major tributaries
115
232
5,146
copepod nauplii 
rotifers 
total ciliates
annual
mean
this study
Kiel Bight, Germany 2,000 - 28,000 total ciliates spring Smetacek (1981)
Central Long Is. Sound 268 - 12,600 tintinnids annual Capriulo&Carpenter
(1983)
Irish Sea, England 988 - 8022 total ciliates Apr - Jun Edwards & Buridll (1995)
Kingston, Jamaica 161 -3930 aloricated ciliates annual Lynn et al. (1991)
Nueces and Corpus 
Christi Bay, Texas
32,300 - 50,800 total
microzooplankton
annual Buskey (1993)
Narragansett Bay, 
Rhode Island
20 - 13,900 tintinnids Mar - Nov Hargraves (1981)
Narragansett Bay, 
Rhode Island
10 - 100,000 tintinnids annual Verity (1987)
Damariscotta River 
Estuary, Maine
5,124-10,500 total ciliates Jul- Dec Sanders (1987)
Hiroshima Bay, Japan 3,800-25,400 microzooplankton annual Kamiyama (1994)
Northeast Pacific, 
San Diego
200 - 630 total ciliates Feb Beer & Stewart (1969)
Bahia Blanca, 
Argentina
500- 11,300 tintinnids annual Barria-de-Cao (1992)
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Table 10. Continued.
Systems Ranges Component Months Reference
Northern Baltic 300 - 10,200 total ciliates Mar - May Leppanen & Bruun (1986)
West coast of South 
Island, New Zealand
205 - 1,204 total ciliates Jun - Jul James & Hall (1995)
Lake Constance, 
Germany
10,060 - 18,460 total ciliates annual Muller et al. (1991)
12 lakes in Quebec, 
Canada
3,318-21,556 
99 -915 
9-75
total ciliates 
rotifers
copepod nauplii
annual Pace(1986)
Biomass (fj.gC/1)
Upper Chesapeake Bay 17.3-32.4 total ciliates Apr - Sep Dolan & Coats (1990)
Lower Chesapeake Bay 
and major tributaries
13.7 
28.0
2.7
total ciliates 
copepod nauplii 
rotifers
annual
mean
this study
Kingston, Jamaica 0.4 -2.8 aloricated ciliates annual Lynn et al. (1991)
Nueces and Corpus 
Christi Bay, Texas
37.0 - 62.8 total
microzooplankton
annual Buskey (1993)
Irish Sea 2-24 Ciliates & 
dinoflagellates
Apr - Jun Edwards & Burkill (1995)
Kiel Bight 1.7-17.2 total ciliates annual Smetacek (1981)
Northern Baltic 0.3-4 total ciliates Mar - May Leppanen&Bruun( 1986)
Plymouth coastal 
waters, UK
12.0 total ciliates summer Pilling et al. (1992)
West Coast of South 
Island, New Zealand
0.2-1.9 total ciliates Jun - Jul James & Hall (1995)
12 lakes in Quebec 8.4-38.0 total ciliates annual Pace(1986)
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3. Spacial Distribution Patterns of Microzooplankton Abundance and Biomass;
Relationships with Environmental Variables
The geographical heterogeneity of microzooplankton abundance and biomass is 
described and discussed using data from September 1993 through December 1995 for the 
density, and from January 1994 through December 1995 for biomass. Pearson’s correlation 
analysis was applied to identify relationships between microzooplankton density and the 
environmental variables by seasons at the eight stations in the Bay and Elizabeth River. Six 
tributary stations were excluded from the analysis due to the absence of reliable nutrient and 
chlorophyll data. Based on the water temperature observations, sampling months formed 
four seasonal groups using cluster analysis ( Fig. 4) to examine the spacial variation of 
microzooplankton density by seasons. The seasonal mean values for the parameters at each 
station were used for correlation analysis. The independent variables used to explain the 
spacial heterogeneity of microzooplankton density are autotrophic picoplankton density, 
phytoplankton density (other than picoplankton), mesozooplankton density, chlorophyll a, 
primary production, total phosphorus, total nitrogen, salinity, pH, dissolved oxygen, and 
water temperature. All the data were transformed to log10 (x+1) or square root for data 
normality (variance homogeneity).
3.1. Total Microzooplankton
A significant spacial heterogeneity in the microzooplankton concentration and biomass 
was observed in the Bay and tributaries. As described in the Chapter 2, ciliates were the 
major component of microzooplankton, comprising over 90% of the total microzooplankton 
density. The spacial heterogeneity of microzooplankton concentration, therefore, followed
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ciliate density distribution pattern. The highest annual mean concentration of total 
microzooplankton was at station RET31, with 7,145.3 ±854.2/liter, and the lowest 
concentration was 3253.9±474.9/liter at station TF42 (Table 11). In general, river-estuary 
transitional sites had high density and biomass for the total microzooplankton due to the high 
abundance of copepod nauplii and loricated ciliates at these stations. The two stations in the 
Elizabeth River and station TF42 in the York River had the lowest concentrations and 
biomass of the total microzooplankton. The highest annual mean microzooplankton biomass 
also occurred at station RET31, with 196.4±51.7 [ig dry wt/liter, and the lowest at station 
TF42, with 48.3±8.9 ptg dry wt/liter (Table 12). The spacial variation pattern of 
microzooplankton biomass coincided with that o f copepod nauplii density since copepod 
nauplii contributed over 77% of the total microzooplankton biomass. Low biomass values 
were at station TF42 and TF55, which had low concentrations of copepod nauplii. In 
general, oligohaline stations (river-estuary transitional sites) had the highest density and 
biomass for the total microzooplankton, with station TF42 and the Elizabeth River stations 
(a hypertrophic river) low in comparison to the total microzooplankton density and biomass.
3.2. Copepod Nauplii
Copepod nauplii were most abundant in the river-estuary transitional sites (oligohaline 
stations), with the annual mean density between 120 and 180/liter. The highest annual mean 
density was at station RET31, with 179.7±57.4/liter. The lowest concentrations were at the 
two tidal freshwater stations (TF55, TF42), with 49.3±10.8/liter and 54.8±11.8/liter 
respectively. The annual mean density ranges of copepod nauplii at the meso- and polyhaline
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stations were between 80 and 120/liter. The spacial variations of copepod nauplii biomass 
were also similar to the density patterns, with high biomass at the river-estuary transitional 
sites and low values at the freshwater stations. The copepod nauplii biomass ranged from 
36.12±7.62 at station TF42 to 156.62±50.96 /zg dry wt/liter at station RET31. Most meso- 
and polyhaline stations had 80 to 90 /zg dry wt/liter in copepod nauplii biomass (Table 14). 
There were no significant correlations between copepod nauplii density and the 
environmental variables during spring, summer and fall (Tables 21-24). Significant 
correlations were only observed during winter. Autotrophic picoplankton, loricated ciliates 
and mesozooplankton abundances had significant positive correlations with copepod nauplii 
density. In contrast, aloricated ciliates showed a strong negative correlation with copepod 
nauplii concentrations. With the chemical parameters, copepod nauplii density had a 
significant positive correlation with salinity and pH, but negative correlation with total 
nitrogen. Phytoplankton density, chlorophyll a and primary production had no significant 
correlation with copepod nauplii density throughout the seasons. Copepod nauplii biomass 
was a major component of the total microzooplankton biomass throughout the stations (77% 
of the total biomass as an annual average), but their relative contribution to the total 
microzooplankton biomass was low at freshwater stations during summer and fall (Fig. 35). 
At station TF55, the relative contribution of copepod nauplii to total microzooplankton 
biomass was significantly lower (less than 50% as an annual mean) due to the relatively high 
contribution by rotifers and aloricated ciliates (Fig. 35). At meso- and polyhaline stations, 
the copepod nauplii contribution to the total microzooplankton biomass was relatively higher 
than that at freshwater stations, but during winter their contribution was less than 50% of the
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total biomass due to the high density of rotifers (mainly Syncheata spp.). In general, copepod 
nauplii composed a major component of the total microzooplankton at meso- and polyhaline 
stations during summer and fall. Their relative contribution to the total microzooplankton 
was diminished at the freshwater stations where the rotifers dominated.
3.3. Rotifers
Rotifers had the greatest spacial variations among the microzooplankton components. 
Rotifers were abundant at freshwater and river-estuary transitional sites. The highest annual 
mean concentration was 703.3±l40.8Aiter at station TF55. The Bay mouth and mid Bay 
stations showed very low density, with annual mean ranges between 34 and 100/liter. The 
lowest density occurred at the Bay mouth (CB74), with an annual mean of 33,5± 10.7/liter 
(Table 15). The spacial variation of rotifer biomass had a similar pattern as density; with 
high biomass at freshwater and river-estuary transitional sites, and low at mid Bay and Bay 
mouth stations. The annual mean biomass ranged from 1.13±0.43 /zg dry wt/liter at the Bay 
mouth (CB74) to 16.12±3.90 /zg dry wt/liter at the tidal freshwater station (TF55). Most 
meso-and polyhaline stations had less than 3.0 /zg dry wt/liter in rotifer biomass (Table 16). 
The relative contribution of rotifers to the total microzooplankton biomass was highly 
variable depending on the stations and seasons (Fig. 35). During summer, rotifer biomass 
at tidal freshwater stations was comparable to the total ciliate biomass, comprising 10 to 
20% o f the total microzooplankton biomass, but their contribution at the meso- and 
polyhaline stations was less than 3% (Fig. 35). During winter, the spacial distribution 
patterns were totally different from the other seasons. At the mesohaline Bay stations,
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rotifers were a major component of the microzooplankton biomass, occupying 10 to 15 % 
o f the total microzooplankton biomass, but at tidal freshwater stations, their relative 
contribution was less than 5%. During spring and fall, rotifers generally comprised the 
smallest proportion of the total microzooplankton biomass, although some stations (TF55, 
WE42) had relatively higher values (Fig. 35). The relationships between rotifer density and 
the environmental variables varied seasonally. During summer, the correlations between 
rotifer density and autotrophic picoplankton, chlorophyll a and pH were negatively 
significant at a=0.05. During fall, pH and chlorophyll a  were positively correlated with 
rotifer density, but nutrient concentrations (total phosphorus and nitrogen) had significant 
negative correlations. During winter, loricated ciliate density and salinity had a significant 
negative correlation, but primary production and total nitrogen were positively correlated 
with rotifer density. Phytoplankton abundances had no significant correlations with rotifer 
density. The variables which had a significant correlation with rotifer density during more 
than two seasons were loricated ciliate density, chlorophyll a, total nitrogen, water 
temperature, and pH, but there was no persistent correlation between rotifer density and the 
environmental variables.
3.4. Loricated Ciliates
The spacial heterogeneity of loricated ciliate density was significant from station to 
station. Oligohaline stations (TF33, RET31, RET52) indicated high concentrations of 
loricated ciliates, with an annual average of about 3,000/liter. However, station TF42 (York 
River) and the two stations in the Elizabeth River were consistently low in the density of
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loricated ciliates, with less than 1,000/liter (Table 17). The biomass spacial distribution 
pattern was similar to the density pattern. High biomass occurred at the river-estuary 
transitional sites, but lower values occurred in the Elizabeth River and station TF42 (York 
River) (Table 18). The highest biomass was observed at station RET31, at 13.17 fj.g dry 
wt/liter, with the lowest at station TF42, and an annual average of 2.44 \ig  dry wt/liter. The 
relative contribution of loricated ciliates to the total microzooplankton biomass, by seasons, 
is given in Figure 35. The lowest contribution was during summer, due to the high 
abundance of rotifers and copepod nauplii, with these comprising less than 5% of the total 
microzooplankton biomass at meso- and polyhaline stations. At freshwater stations, their 
contribution increased to over 10%. The highest values occurred during winter throughout 
the stations, representing approximately 20% of the total biomass, due to the relatively low 
biomass o f copepod nauplii (Fig. 35). Across the seasons, loricated ciliate biomass at the 
Elizabeth River stations had the lowest proportion of the total biomass (<5%). Correlation 
analysis between loricated ciliate concentration and the environmental variables revealed 
several consistent relationships (Tables 21-24). There were significant positive correlations 
between loricated ciliates and autotrophic picoplankton, rotifers, aloricated ciliates, 
chlorophyll a  and primary production during fall. These relationships were, however, not 
persistent across all the seasons. A persistent correlation with loricated ciliate abundance 
throughout the seasons was associated with nutrient concentrations (total phosphorus, total 
nitrogen). Across the seasons, these variables had mainly a significant negative correlation 
with the loricated ciliate abundance (except summer). During two of four seasons, salinity 
and pH positively correlated with the loricated ciliate density (Tables 21-24).
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3.5. Aloricated Ciliates
Aloricated ciliates represented a major microzooplankton component, comprising over 
90% of the total density. The highest abundances occurred at stations RET43, LE36 and 
CB64, which had annual means ranging between 3,400 and 3,900/liter. The lowest 
abundances were observed at stations RET52 and TF42, where there was an annual mean 
o f 2,094±306.0 and 1,969.4±305.1/liter respectively. The aloricated ciliate density at the 
other stations ranged from 2,800 to 3,300/liter (Table 19). The highest and lowest biomass 
o f aloricated ciliates occurred at these same stations, ranging from 5.32 to 19.13 fig  dry 
wt/liter (Table 20). The relative proportion of aloricated ciliates to the total 
microzooplankton biomass was spatially and seasonally different (Fig. 35). The highest 
contribution was during winter at the Elizabeth River stations, where they represented 
approximately 50% of the total microzooplankton biomass. Aloricated ciliates had the 
smallest contribution to the total biomass during summer, which was due to the high 
abundance of copepod nauplii at mainstem stations and high density of rotifers at freshwater 
and oligohaline stations. During spring and fall, the mean contribution of aloricated ciliates 
to the total microzooplankton biomass was approximately 20%, with some exceptions (Fig. 
35). Significant correlation coefficients between aloricated ciliate abundances and the 
environmental variables are given in Tables 21- 24. Chlorophyll a, primary production, total 
nitrogen, water temperature and pH had a significant correlation with aloricated ciliate 
density during two or more seasons. The relationships between aloricated ciliate density and 
chlorophyll a, primary production and total nitrogen were consistently positive correlations 
throughout the seasons.
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3.6. Summary and Discussion
The heterotrophic ciliates were a major component of microzooplankton density across 
all the stations, contributing over 90% of the total microzooplankton density. Copepod 
nauplii contributed the highest proportion of total microzooplankton biomass (77% as an 
annual mean). These spacial and seasonal distribution patterns of microzooplankton density 
and biomass were consistent throughout the stations and seasons. The relative contribution 
o f each microzooplankton component to total density and biomass was, however, 
significantly different from season to season and station to station. The high density and 
biomass of total microzooplankton usually occurred at river-estuary transitional sites 
(oligohaline, or mesohaline). Copepod nauplii were abundant at the oligohaline and 
mesohaline stations in both density and biomass, and comprised the highest proportion of 
the total microzooplankton biomass throughout the stations. However, their density and 
biomass at the freshwater stations (TF55, TF42) were very low. In contrast, station TF33 
(Raphahannock River) showed much higher density o f copepod nauplii compared to the 
other two tidal freshwater stations (Table 13). This difference in copepod nauplii density 
may be due to the salinity gradients at the tidal freshwater stations. For instance, the seasonal 
variation of salinity at station TF33 indicated the station was sporadically exposed to salt 
water intrusion, reaching up to 10%o in November 1994 (Fig. 2). An annual mean salinity 
indicated station TF33 was actually oligohaline water (1.64%o). However, there was no 
indication of salt water intrusion for the other two tidal freshwater stations (TF42, TF55). 
The density differences in metazoan nauplii in freshwater and salt water systems are due to 
the different mesozooplankton community structures within the two systems. In freshwater,
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cladocerans such as Bosmina longirostris and Diaphcmosoma brachyurum are the dominant 
taxa in the Chesapeake Bay tributaries (Birdsong et al, 1989). In addition to the low 
abundances o f copepods (adults) at freshwater stations, most cladocerans have no nauplius 
stage during their development. The parthenogenetic eggs o f cladocerans are developed in 
the brood chamber and hatched into young similar in form to the adults (Pennak, 1989). 
Accordingly, the metazoan nauplii density is low at the freshwater stations. In contrast, 
copepods are a major component o f the mesozooplankton in Chesapeake Bay and its river- 
estuary transitional sites, and these are mainly composed of Acartia spp. (Birdsong et al., 
1989). The relative contribution of copepod nauplii to the total microzooplankton biomass 
was highest during summer, comprising over 80% at the most meso- and polyhaline stations, 
but lowest during winter, representing approximately 50% throughout the stations. These 
differences in seasonal and spacial variations were due to the high density of copepod nauplii 
during summer at the meso- and polyhaline stations. At freshwater stations, their relative 
contributions were diminished by the high abundance of rotifers, which formed between 10 
and 20% the total microzooplankton biomass. During winter, the relative contribution of 
rotifers and ciliates increased due to the high abundance of Synchaeta spp. and oligotrichs, 
but low density o f copepod nauplii existed throughout the meso- and polyhaline stations. 
The results o f Pearson’s correlation analysis between microzooplankton density and the 
environmental variables at meso- and polyhaline stations ( total 8 stations) revealed little 
consistency from season to season, with only some exceptions. Correlation coefficients 
between copepod nauplii and rotifers and the environmental variables were not persistent 
across all seasons, although some parameters had significant correlations with copepod
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nauplii and rotifer density. No consistency in the correlation coefficients from season to 
season may be due to the narrow environmental gradients in some parameters. In addition, 
seasonal requirement of microzooplankton to environmental conditions may be different 
from season to season. In the case of salinity, the gradient across the meso- and polyhaline 
stations was much smaller than when it was expanded to the freshwater stations. When 
considering all the stations from freshwater to polyhaline waters, salinity was the most 
critical factor found to explain the spacial variations of rotifer density. Using annual mean 
values of salinity, rotifer biomass, and density from 14 stations, salinity had a significant 
negative correlation with both rotifer biomass ( r = -0.79, p<0.001) and density ( r = -0.92, 
p<0.0001). Loricated ciliate density was consistently associated with nutrient concentration 
throughout the seasons. There was a significant negative correlation between loricated ciliate 
density and nutrient concentration (total phosphorus, total nitrogen). Their abundance and 
biomass was significantly lower in the hypertrophic Elizabeth River than that at meso- or 
eutrophic stations, and the relative contribution of loricated ciliate biomass to the total 
microzooplankton biomass in the River was also lower than at the other stations 
(approximately 5% as an annual mean). However, aloricated ciliates positively correlated 
with nutrient concentrations during summer and winter. This difference in the correlation 
of two different ciliate categories indicated loricated and aloricated ciliates have different 
ecological requirements in this system. During winter, the relative contribution o f aloricated 
ciliate biomass to the total biomass exceeded 50% in the hypertrophic Elizabeth River 
stations, but less than 30% at the meso- or eutrophic Bay stations. A few studies reported 
community shift toward ciliates with trophy increase. Bays and Crisman (1983, 1989) found
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in 35 Florida lakes an increase in the percentage of microzooplankton relative to total 
zooplankton biomass and abundance with lake trophic states. Pace (1986) also reported a 
significant correlation between microzooplankton biomass and total phosphorus from 12 
lakes in Canada, but he didn’t find a community shift toward microzooplankton with lake 
trophy increase. Mathes and Arndt (1994) also found the contribution of protozoans (mainly 
oligotrich ciliates) to the total zooplankton (including metazoans) biomass increased from 
20% in meso- or eutrophic lakes to about 50-60% in hypertrophic lakes during spring in 9 
German lakes. Other studies report ciliate community structure into two separate categories 
(loricated, aloricated ciliates) changing with trophic condition. Schoenberger (1994) in 
Neusiedler See (Austria and Hungary) found the planktonic ciliate community was 
dominated by tintinnids (Tmtirmopsis cyl'mdrata) in the open lake, whereas in a brown-water 
pond, small oligotrichs (Strobilidium spp.) prevailed. However, Layboum-Parry and 
Rogerson (1993) reported an oligotrich-dominated ciliate community in an oligotrophic 
basin and a tintinnid-dominated community in the eutrophic basin of Lake Windermere 
(England). Based on this study, among others, aloricated ciliates seem to be more 
opportunistic and abundant within the eutrophic systems than the loricated ciliates. Mass 
occurrence events o f oligotrichs can support this assumption. Dale and Dahl (1987) found 
a mass development of oligotrichs that exceeded two million oligotrichs per liter. Mass 
development of loricated ciliates, or discoloration by loricated ciliates, however, has not 
been reported. Moreover, aloricated ciliates outnumbered loricated ciliates during most 
sampling months in this study. More abundant aloricated ciliates over the loricated ciliates 
can be explained by the energy expenditure differences between the two ciliates. For
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loricated ciliates, the creation of a lorica requires active secretion or exudation of material 
by the organism and this necessitates the expenditure of more energy by the loricated ciliates 
than aloricated ciliates (Layboum-Parry, 1992). Some significant correlations from the 
literature between microzooplankton and the environmental variables are given in Table 25. 
However, it must be noted that with a correlation analysis, some significant correlations 
could occur by chance alone (Rice, 1989), and may depend on the environmental gradients 
and number o f observations. In the case of salinity in this study, there was no significant 
relationship between salinity and rotifer density at eight Bay stations (N=8), but when the 
six freshwater or oligohaline stations were included, salinity had a significant correlation 
with rotifer density (N=14). Sampling periods, sampling intervals and geographical scales 
are also major factors for obtaining reliable results since the small ciliate densities are highly 
variable in time and space, due to their high specific growth rates, short generation time and 
their formation of micro scale patches (see Chapter 2). In an estuarine system, tidal effects 
also reduce the consistency in statistical analysis because the plankton abundances and their 
composition are highly variable in regard to the tidal stage at a given space. Due to these 
difficulties, no relationships between microzooplankton abundances (or biomass) and the 
environmental variables have been found in many other studies (Table 25). Although there 
are some significant relationships between microzooplankton and the environmental 
variables, the patterns of relationships were not consistent from study to study (Table 25).
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Table 11. Descriptive statistics o f  concentration fo r total microzooplankton
at each station from September 1993 through D ecem ber 1995.
(U nit: no ./I)
Station N Mean SE Min Max CV
RET31 28 7145.3 854.2 872 17112 63.3
RET43 28 6872.5 994.9 1952 23017 76.6
TF33 28 6426.5 1386.8 728 30339 114.2
RET52 28 5619.1 936.3 1590 26486 88.2
CB74 28 5540.1 1081.1 941 30916 103.3
CB64 28 5413.8 804.2 642 17242 78.6
TF55 28 5402.9 726.1 333 14218 71.1
LE55 28 5398.4 675.4 1517 19086 66.2
LE36 28 5354.6 643.1 1398 19595 63.6
CB61 28 5318.4 766.2 68 19023 76.2
WE42 28 5027.3 642.7 1381 14310 67.7
SBE5 28 4404.2 527.9 1097 13105 63.4
SBE2 28 4332.7 645.6 821 11500 78.9
TF42 28 3253.9 474.9 409 12123 77.2
SE - standard error of the mean. CV - coefficient of variance.
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Table 12. Descriptive statistics of biomass for total microzooplankton at
each station from January 1994 through December 1995.
(U nit: pg dry wt /1)
Station N Mean SE Min Max CV
RET31 24 196.4 51.7 15.8 1114.7 129.0
TF33 24 152.0 30.4 11.2 619.0 98.0
RET52 24 143.5 25.1 16.4 545.8 85.8
RET43 24 122.8 15.9 18.2 302.7 63.5
CB61 24 117.4 25.2 14.6 593.5 105.3
WE42 24 114.7 17.8 25.1 299.9 76.0
SBE5 24 110.0 22.7 5.1 474.8 101.1
CB64 24 106.7 19.0 7.8 381.2 87.1
LE55 24 106.6 15.0 18.8 347.7 68.8
CB74 24 101.4 15.4 14.0 310.6 74.4
SBE2 24 95.3 22.1 2.9 434.6 113.5
LE36 24 91.4 15.7 15.7 345.0 84.2
TF55 24 80.1 13.8 4.9 218.6 84.5
TF42 24 48.3 8.9 3.7 160.3 90.7
SE - standard error of the mean. CV - coefficient of variance.
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Tab lei 3.Descriptive statistics of concentration for copepod nauplii at
each station from September 1993 through December 1995.
(U nit: no./l)
Station N Mean SE Min Max CV
RET31 28 179.7 57.4 8 1388 168.9
TF33 28 157.8 32.6 4 763 109.2
RET52 28 134.9 24.8 5 601 97.3
RJET43 28 120.7 18.6 9 359 81.7
SBE5 28 119.6 27.7 2 641 122.4
WE42 28 119.1 21.4 7 374 95.2
CB61 28 118.6 31.2 3 813 139.4
CB74 28 112.4 19.0 6 394 89.6
CB64 28 109.4 23.3 1 468 112.9
LE55 28 106.4 18.3 13 413 90.9
SBE2 28 89.0 23.7 2 552 141.0
LE36 28 82.6 18.7 2 448 119.4
TF42 28 54.8 11.8 2 211 114.1
TF55 28 49.3 10.8 3 226 115.7
SE - standard error of the mean. CV - coefficient o f variance.
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Table 14. Descriptive statistics of biomass for copepod nauplii at each
station from January 1994 through December 1995.
(U nit: pg dry wt / 1)
Station N Mean SE Min Max CV
RET31 24 156.62 50.86 6.22 1078.48 159.10
TF33 24 127.86 29.47 3.11 599.18 112.90
RET52 24 111.63 22.49 3.89 466.98 98.70
CB61 24 92.48 24.72 2.33 577.92 130.96
RET43 24 90.90 14.65 6.99 281.29 78.97
SBE5 24 90.86 23.12 1.55 456.68 124.68
WE42 24 90.84 17.76 4.78 271.65 95.79
CB64 24 82.60 19.02 0.78 347.95 112.83
CB74 24 81.59 15.47 4.66 306.14 92.87
LE55 24 80.22 14.60 10.10 298.13 89.19
SBE2 24 76.99 21.83 1.55 404.43 138.92
LE36 24 67.40 15.58 1.55 326.98 113.21
TF55 24 42.62 10.10 2.33 182.76 116.08
TF42 24 36.12 7.62 1.55 148.41 103.34
SE - standard error of the mean. CV - coefficient of variance.
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Table 15. Descriptive statistics o f concentration for rotifers at
each station from September 1993 through December 1995.
(U nit: no./l)
Station N Mean SE Min Max CV
TF55 28 703.3 140.8 5 2443 105.9
RET31 28 632.9 284.0 0 7646 237.5
RET52 28 437.6 103.0 9 2682 124.6
TF33 28 400.8 138.8 5 3491 183.2
TF42 28 261.3 82.7 0 1612 167.4
RET43 28 187.0 51.2 I 986 144.9
SBE5 28 170.9 68.3 0 1342 211.6
SBE2 28 128.1 37.0 0 668 152.9
CB61 28 97.3 31.3 0 660 170.3
LE36 28 92.2 31.5 0 716 180.9
WE42 28 87.9 27.6 0 567 166.5
LE55 28 81.0 23.8 0 528 155.7
CB64 28 46.7 17.7 0 420 200.3
CB74 28 33.5 10.7 0 237 169.9
SE - standard error of the mean. CV - coefficient of variance.
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Table 16. Descriptive statistics of biomass for rotifers at each
station from January 1994 through December 1995.
(U n it: pg dry wt /1)
Station N Mean SE Min Max CV
TF55 24 16.12 3.90 0.09 67.75 118.63
RET31 24 12.87 6.16 0.00 145.52 234.56
RET52 24 9.69 2.12 0.21 42.13 106.93
TF33 24 8.74 3.06 0.11 66.36 171.43
TF42 24 4.39 1.57 0.00 32.25 175.72
RET43 24 3.61 1.12 0.01 20.69 152.51
CB61 24 3.11 1.10 0.00 23.76 172.63
WE42 24 3.09 1.01 0.00 16.03 159.94
LE36 24 2.80 0.94 0.00 17.58 163.91
SBE2 24 2.70 0.79 0.00 13.92 144.20
SBE5 24 2.53 0.97 0.00 21.52 189.06
LE55 24 2.17 0.60 0.00 9.82 135.59
CB64 24 1.67 0.71 0.00 13.75 207.35
CB74 24 1.13 0.43 0.00 7.66 188.19
SE - standard error of the mean. CV - coefficient of variance.
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Table 17. Descriptive statistics of concentration for loricated ciliates at
each station from September 1993 through December 1995.
(U nit: no./l)
Station N Mean SE Min Max CV
RET31 28 3255.3 566.8 138 9830 92.1
TF33 28 3018.0 1047.3 81 26365 183.6
RET52 28 2952.1 810.0 161 22640 145.2
RET43 28 2639.3 566.4 60 11617 113.6
CB74 28 2128.4 652.3 16 18380 162.2
LE55 28 2112.6 293.3 312 6600 73.5
CB61 28 1953.6 424.6 0 10913 115.0
WE42 28 1953.3 309.4 348 6852 83.8
CB64 28 1898.3 418.7 33 8861 116.7
LE36 28 1804.9 266.0 240 4385 78.0
TF55 28 1543.6 255.1 60 4960 87.5
SBE5 28 996.6 169.5 3 2951 90.0
TF42 28 968.4 339.7 0 8817 185.6
SBE2 28 948.5 277.5 2 6971 154.8
SE - standard error of the mean. CV - coefficient of variance.
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Table 18. Descriptive statistics of biomass for loricated ciliates at each
station from January 1994 through December 1995.
(U nit: gg dry wt /1)
Station N Mean SE Min Max CV
RET31 24 13.17 2.79 0.88 44.40 103.93
RET52 24 10.11 2.16 0.45 49.42 104.78
RET43 24 9.19 2.24 0.38 46.26 119.61
TF33 24 9.05 2.73 0.63 50.22 147.60
CB74 24 8.16 2.12 0.53 48.25 127.20
LE55 24 7.56 1.04 0.41 19.10 67.30
LE36 24 7.17 2.33 0.45 49.91 159.24
CB64 24 7.08 1.85 0.18 40.15 128.02
CB61 24 6.73 2.55 0.00 62.13 185.30
WE42 24 6.27 0.92 0.76 15.98 71.58
TF55 24 5.68 1.19 0.27 20.57 102.99
SBE2 24 3.61 1.28 0.00 25.83 174.16
SBE5 24 3.12 0.64 0.00 8.90 99.72
TF42 24 2.44 0.89 0.00 19.36 178.51
SE - standard error o f the mean. CV - coefficient of variance.
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Table 19. Descriptive statistics o f concentration for aloricated ciliates at
each station from September 1993 through December 1995.
(U nit: no./l)
Station N Mean SE Min Max CV
RET43 28 3925.6 771.9 817 20419 104.1
LE36 28 3374.9 586.2 670 17060 91.9
CB64 28 3359.4 604.2 470 10596 95.2
CB74 28 3265.8 643.5 425 13071 104.3
SBE2 28 3167.1 510.9 444 10184 85.4
CB61 28 3149.0 597.9 40 16650 100.5
SBE5 28 3117.0 481.3 232 12927 81.7
TF55 28 3106.6 557.8 217 10626 95.0
LE55 28 3098.4 503.8 230 12364 86.0
RET31 28 3077.4 621.4 203 14388 106.9
WE42 28 2867.1 470.3 337 10207 86.8
TF33 28 2849.8 851.9 261 24241 158.2
RET52 28 2094.6 306.0 160 6421 77.3
TF42 28 1969.4 305.1 182 5960 82.0
SE - standard error of the mean. CV - coefficient o f variance.
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Table 20. Descriptive statistics of biomass for aloricated ciliates at each
station from January 1994 through December 1995.
(U nit: pg dry wt /1)
Station N Mean SE Min Max CV
RET43 24 19.13 3.83 4.73 78.43 98.15
LE55 24 16.62 3.62 0.58 85.33 106.67
TF55 24 15.70 3.72 1.70 62.42 115.90
CB64 24 15.33 4.01 0.77 81.16 128.10
CB61 24 15.07 2.65 0.05 46.34 86.29
WE42 24 14.52 2.76 1.75 50.17 93.11
LE36 24 14.03 2.45 1.29 57.40 85.48
RET31 24 13.70 3.77 0.30 84.47 134.73
SBE5 24 13.49 3.49 0.00 69.63 126.67
RET52 24 12.06 3.58 0.40 80.78 145.51
SBE2 24 11.97 2.58 0.00 49.40 105.42
CB74 24 10.54 2.10 1.06 40.52 97.75
TF33 24 6.31 1.25 0.30 26.36 97.05
TF42 24 5.32 0.79 0.87 16.33 73.08
SE - standard error of the mean. CV - coefficient of variance.
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Table 21. Pearson’s correlation coefficients between densities of microzooplankton components 
and the environmental variables during spring (April and May) in 1994. Top numbers 
are correlation coefficients and bottom numbers are the calculated probabilities. 
Significant correlations are indicated by bold numbers. Ail the parameters are 
averaged during the season and transformed to logl0(x+l) for data normality.
Microzooplankton Components / 
environmental variables
Copepod
Nauplii
Rotifers Loricated
Ciliates
Aloricated
Ciliates
Autotrophic Picoplankton (no./l) 0.112 -0.173 0.505 -0.422
0.792 0.682 0.202 0.297
Phytoplankton other than 
Picoplankton (no./l)
-0.092 0.248 0.156 -0.638
0.829 0.554 0.712 0.088
Copepod Nauplii (no./l) • 0.393 -0.255 -0.280
- 0.336 0.543 0.501
Rotifers (no./I) 0.393 _ -0.162 -0.458
0.336 - 0.702 0.253
Loricated Ciliates (no./l) -0.255 -0.162 _ 0.287
0.543 0.702 - 0.492
Aloricated Ciliates (no./l) -0.280 -0.458 0.287 _
0.501 0.253 0.492 -
Mesozooplankton (no./m3) 0.653 0.485 0.209 -0.593
0.079 0.223 0.619 0.121
Chlorophyll a (ug/l) 0.583 0.560 0.331 -0.184
0.130 0.149 0.423 0.663
Primary Production (/^gC/l/hr) 0.061 0.521 0.340 0.068
0.887 0.185 0.410 0.873
Total Phosphorus O^ g/l) 0.141 0.418 -0.802 -0.181
0.739 0.303 0.017 0.667
Total Nitrogen iptgH) 0.052 0.115 -0.922 -0.337
0.903 0.786 0.001 0.414
Salinity (%o) -0.152 -0.448 0.798 0.320
0.720 0.265 0.018 0.440
Water temperature (°C) -0.101 0.002 -0.544 0.578
0.813 0.997 0.163 0.133
pH -0.065 0.097 0.701 -0.316
0.878 0.819 0.053 0.445
Dissolved Oxygen (mg/1) 0.029 0.183 0.539 -0.520
0.946 0.664 0.168 0.187
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Table 22. Summer (June, July, August and September). Details as in legend to Table 21.
Microzooplankton Components / 
environmental variables
Copepod
Nauplii
Rotifers Loricated
Ciliates
Aloricated
Ciliates
Autotrophic Picoplankton (no./l) 0.150 -0.943 0.342 -0.329
0.724 0.000 0.407 0.426
Phytoplankton other than
picoplankton (no./l) -0.415 -0.469 0.243 0.164
0.306 0.241 0.562 0.698
Copepod Nauplii (no./l) . -0.119 0.157 -0.412
0.780 0.711 0.310
Rotifers (no./l) -0.119 -0.148 0.439
0.780 - 0.726 0.276
Loricated Ciliates (no./l) 0.157 -0.148 0.096
0.711 0.726 - 0.820
Aloricated Ciliates (no./l) -0.412 0.439 0.096 _
0.310 0.276 0.820 -
Mesozooplankton (no./m3) 0.558 -0.665 -0.038 -0.677
0.150 0.072 0.930 0.065
Chlorophyll a 0-ig/l) -0.054 -0.843 0.375 -0.259
0.898 0.009 0.360 0.535
Primary Production (pgCI/hr) -0.304 -0.031 0.430 0.057
0.464 0.942 0.288 0.894
Total phosphorus (ptg/l) -0.435 0.255 0.356 0.924
0.281 0.542 0.387 0.001
Total nitrogen (pig/1) -0.530 0.170 0.237 0.890
0.177 0.688 0.572 0.003
Salinity (%o) 0.400 0.675 -0.307 -0.212
0.326 0.066 0.460 0.614
Water Temperature (°C) -0.494 0.274 0.299 0.865
0.213 0.512 0.472 0.006
pH 0.447 -0.761 0.122 -0.727
0.267 0.028 0.773 0.041
Dissolved Oxygen (mg/1) 0.504 -0.681 0.060 -0.657
0.203 0.063 0.888 0.077
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Table 23. Fall (October, November and December). Details as in legend to Table 21.
Microzooplankton Components / 
environmental variables
Copepod
Nauplii
Rotifers Loricated
Ciliates
Aloricated
Ciliates
Autotrophic Picoplankton (no./l) 0.122 0.659 0.930 0.893
0.774 0.075 0.001 0.003
Phytoplankton other than 
Picoplankton (no./l)
0.392 0.226 0.688 0.653
0.337 0.591 0.059 0.079
Copepod Nauplii (no.A) _ 0.183 0.433 0.258
- 0.664 0.284 0.537
Rotifers (no./l) 0.183 0.730 0.686
0.664 - 0.040 0.060
Loricated Ciliates (no./I) 0.433 0.730 _ 0.882
0.284 0.040 - 0.004
Aloricated Ciliates (no./l) 0.258 0.686 0.882
0.537 0.060 0.004 -
Mesozooplankton (no./m3) 0.056 -0.093 -0.163 0.124
0.895 0.827 0.700 0.771
Chlorophyll a (jug/1) 0.284 0.741 0.965 0.796
0.496 0.036 0.000 0.018
Primary Production (ptgC/l/hr) 0.141 0.488 0.863 0.780
0.739 0.220 0.006 0.023
Total Phosphorus (ptg/l) -0.269 -0.854 -0.784 -0.593
0.519 0.007 0.021 0.121
Total Nitrogen (^g/1) -0.326 -0.847 -0.822 -0.559
0.430 0.008 0.012 0.150
Salinity (%o) 0.413 0.337 0.159 -0.246
0.309 0.415 0.707 0.556
Water Temperature (°C) -0.056 -0.752 -0.896 -0.745
0.895 0.031 0.003 0.034
pH 0.246 0.896 0.857 0.703
0.557 0.003 0.007 0.052
Dissolved Oxygen (mg/1) 0.249 0.771 0.971 0.880
0.553 0.025 0.000 0.004
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Table 24. Winter (January, February and March). Details as in legend to Table 21.
Microzooplankton Components / 
environmental variables
Copepod
Nauplii
Rotifers Loricated
Ciliates
Aloricated
Ciliates
Autotrophic Picoplankton (no./l) 0.739 -0.383 0.630 -0.710
0.036 0.349 0.094 0.049
Phytoplankton other than 
Picoplankton (no./l)
-0.366 0.139 -0.051 0.091
0.372 0.743 0.905 0.831
Copepod Nauplii (no./l) -0.667 0.722 -0.751
- 0.071 0.043 0.032
Rotifers (no./l) -0.667 -0.745 0.608
0.071 - 0.034 0.110
Loricated Ciliates (no./l) 0.722 -0.745 _ -0.611
0.043 0.034 - 0.108
Aloricated Ciliates (no./l) -0.751 0.608 -0.611 _
0.032 0.110 0.108 -
Mesozooplankton (no./m3) 0.884 -0.541 0.637 -0.554
0.004 0.166 0.089 0.154
Chlorophyll a (ptg/1) -0.537 0.632 -0.531 0.853
0.170 0.093 0.175 0.007
Primary Production (pigC/l/hr) -0.599 0.778 -0.595 0.877
0.117 0.023 0.120 0.004
Total phosphorus (ug/1) -0.406 0.445 -0.539 -0.097
0.318 0.270 0.168 0.820
Total Nitrogen (ptg/1) -0.935 0.864 -0.815 0.715
0.001 0.006 0.014 0.046
Salinity (%o) 0.896 -0.807 0.866 -0.849
0.003 0.015 0.005 0.008
Water Temperature (°C) -0.453 0.704 -0.759 0.732
0.259 0.051 0.029 0.039
pH 0.873 -0.551 0.742 -0.788
0.005 0.157 0.035 0.020
Dissolved Oxygen (mg/1) 0.509 -0.339 0.359 -0.848
0.198 0.412 0.383 0.008
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Table 25. Results o f  correlation analysis between microzooplankton and environmental 
variables, ns : not significant, + : significant positive correlation, - : significant 
negative correlation.
Systems Variable I Variable II Pattern Reference
Lower Chesapeake Bay loricated ciliates picoplankton 
copepod nauplii 
mesozooplankton 
chlorophyll a  
pH ana DO 
total nitrogen
+
+
+
+
+
this study
aloricated ciliates 
rotifers
copepod nauplii
picoplankton 
mesozooplankton 
pH and DO 
total nitrogen 
water temperature 
primary production 
loricated ciliates 
mesozooplankton 
salinity, pH and DO 
TN ana temperature
+
+
+
+
+
+
Upper Chesapeake Bay ciliates heterotrophic flagellates + Dolan&Coats
(1990)
Maine estuary tintinnids water temperature 
DO
+ Sanders
(1987)
Kiel Bight, Germany heterotrophic dinofl 
& ciliate biomass
phytoplankton biomass 
metazooplankton biomass
+ Smetacek
(1981)
west coast of South Is 
New Zealand
ciliates sigma-f 
chlorophyll 
particulate nitrogen
+
James&Hall
(1995)
Nueces Estuary microzooplankton water temperature, 
salinity and chlorophyll a
ns Buskey
(1993)
Lake Esthwaite,UK ciliates flagellates 
chlorophyll a
+
ns
Layboum- 
Parry et a l. 
(1990)
12 lakes in Canada ciliates
rotifers
nauplii
microzooplankton
(biomass)
chlorophyll a 
chlorophyll a 
chlorophyll a  
total phosphorus
+
+
+
+
Pace(1986)
Lake Windermere, UK ciliates chlorophyll a  
flagellates
ns
ns
Layboum- 
Parrv & 
Rogerson 
(1993)
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Fig. 35. Microzooplankton biomass composition using the seasonal means from
January 1994 through December 1995. The percent contributions are based 
on the biomass of each microzooplankton component as a /zg dry wt/liter.
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Fig. 35. Continued
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4. The Contribution and Importance of Microzooplankton 
to the Total Plankton Components
The plankton community structures have been analyzed, including autotrophic 
picoplankton, phytoplankton, microzooplankton and mesozooplankton at the eight stations 
in the Bay and Elizabeth River based on the biomass data from January through December 
1994. The biomass of autotrophic picoplankton was calculated by a conversion factor of 210 
fgC/cell (Waterbury et al., 1986) and the amount of carbon for the other groups of 
phytoplankton was calculated from the biovolume data provided by Dr. Marshall, using the 
conversion equations by Eppley et al. (1970) as follows:
logI0 C = 0.76(logl0 V) - 0.352 for diatoms 
logI0 C = O.94(log10 V) - 0.600 for other phytoplankton, 
with V representing total cell volume (urn3) and C the amount of carbon as picograms. Since 
diatoms have a lower carbon content per unit cell volume, they are usually treated separately 
from other groups of phytoplankton (Soumia, 1978). The carbon content assessment for 
microzooplankton employed various conversion factors. For ciliates, carbon amounts were 
directly calculated from the biovolume, using conversion factor of 190 fgC/^m3 (Putt and 
Stoecker, 1989). For rotifers and copepod nauplii, dry weights were initially estimated based 
on the length-weight regression (see details on Materials and Methods) and, in turn, 
converted to the carbon content, with 50% of dry weight for rotifers (Salonen et al., 1976) 
and 30.33% of dry weight for the freshwater copepod (Schram and Schmitz, 1983) and 
32.00% of dry weight for marine copepod (Wiebe et al., 1975). Mesozooplankton biomass 
(as dry weight) provided by Dr. Birdsong was also converted to the carbon content, using
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the same approximations for copepods. The secondary production of ciliates was estimated 
from biomass values, assuming an average generation time of one day (see Discussion). The 
relative contribution of microzooplankton to the total autotrophic plankton and zooplankton 
components was compared by seasons and stations. These comparisons include the eight 
stations in the Bay and Elizabeth River. The six tributary stations were excluded from the 
comparisons since the mesozooplankton biomass was not estimated due to the high 
proportion of debris in the samples.
4.1. Seasonal Variations in Contribution of Microzooplankton 
to the Total Zooplankton Biomass
The mean biomass and the mean contribution (as percent) of each zooplankton 
component are given on Figure 36, with one standard error of the mean and coefficient of 
variance. Copepod nauplii comprised the highest biomass of the total zooplankton 
throughout seasons, with the annual mean biomass of 23.82±2.19/zgC/l and an annual mean 
percent of 47.48±2.69% (Fig. 36). Rotifers had the smallest biomass (1.26 ££gC/l) and 
proportion (4.48%) of the total zooplankton biomass (Fig. 36). Total ciliate biomass 
contributed 34% of the total biomass, with an annual average biomass of 12.66±1.28 /zgC/1. 
Total microzooplankton represented 84% of the total zooplankton biomass, with a grand 
mean of 37.74 during 1994 at the Bay and Elizabeth River stations. Microzooplankton
were major components of total zooplankton, having five times higher than 
mesozooplankton biomass (carbon content). Their temporal and spacial variations in percent 
contributions are given on Figure 37. Copepod nauplii made the highest contribution during 
summer and fall throughout the stations, representing 50% - 80% of the total zooplankton
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biomass. Rotifers were, in general, in a minor portion of the total zooplankton biomass, but 
during winter (January through March), their contributions were comparable to those of 
copepod nauplii except station CB74 (Fig.37). The high rotifer biomass during winter was 
by Synchaeia spp. (cold water species dominated in the meso- and polyhaline stations). 
Ciliates were a major component of the total zooplankton biomass during winter and spring 
throughout the stations. Their contributions increased from late fall and peaked in winter and 
early spring, with a minimum contribution during summer and early fall due to the increase 
of copepod nauplii (Fig.37). The ratios o f autotrophic picoplankton and ciliate biomass by 
stations are plotted on Figure 38 to identify the relative abundance of prey and predator 
through seasons. The ratios ranged from zero to fifteen. During winter and spring, the ratios 
(picoplankton/ciliates) were near zero at most stations, indicating significantly lower 
picoplankton biomass than ciliate biomass during the seasons. During fall (October- 
December), autotrophic picoplankton biomass was at similar ranges («1) with the ciliate 
biomass at most stations (Fig.38). Summer (June - September) was the only season during 
which picoplankton biomass exceeded ciliate biomass across all stations. Picoplankton 
biomass exceeded the ciliate maxima by 15 times, but at some stations (CB74, SBE2) it was 
less than 5 times the maxima (Fig. 38). In general, ciliate biomass exceeded picoplankton 
biomass during most seasons (1-20 times higher) except during summer months (June- 
September).
4.2. Spacial Variations in Contribution o f Microzooplankton 
to the Total Zooplankton Biomass
The relative contribution to the total biomass by copepod nauplii, rotifers, ciliate and
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mesozooplankton was compared between stations (Tables 26-29). Copepod nauplii 
contributed the highest proportion of the total zooplankton biomass, representing over 50% 
of the total zooplankton biomass across all the stations (Table 26). The percent contribution 
ranged from 41.49±6.98% at station CB64 to 52.34±8.60% at station CB74, indicating no 
significant spacial variation in percent contribution. However, biomass values (/zgC/1) were 
significantly different from station to station, ranging from 14.15 to 31.83 (xgC!\ (Table 26). 
The coefficients of variation (CV) for percent contribution were about 57% (mean of eight 
stations), but about 88% for biomass. These results indicated copepod nauplii consistently 
occupied a portion of the total zooplankton biomass across all the seasons regardless of the 
absolute biomass values. In general, CV values for copepod nauplii biomass and percent 
contribution were much lower than those for other zooplankton components (Tables 26-29), 
indicating low seasonal variations. Rotifers comprised the smallest proportion of the total 
zooplankton biomass throughout the stations, less than 5% of the total biomass. Station 
LE55 and LE36 had the lowest contribution by rotifers, with 3.40 and 3.45% respectively, 
and station WE42 had the highest (5.43%). The CV values for rotifer contribution to the 
total biomass reached up to 300%, indicating high seasonal variations in contribution. The 
high CV values for rotifers were due to the high biomass by Synchaeta spp. during winter, 
but zero during the other seasons (see Chapter 2). The spacial variation of the percent 
contribution by rotifers to the total zooplankton biomass was, however, not different (3.4- 
5.4%). The spacial variations in ciliate contribution were more apparent than those in 
rotifers. Annual mean biomass and contribution (percent) ranged from 10.08 to 15.67 ptgC/l 
and from 24.08 to 39.02% respectively (Table 28). Ciliate biomass in the Elizabeth River
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stations (SBE2, SBE5) was much lower than the other stations, but the relative contribution 
to the total zooplankton biomass was higher, representing about 40% of the total biomass. 
CV values for ciliates were lower than those for rotifers, and less than 100% at most stations 
(Table 28). The spacial variations in biomass and percent contribution were the most 
apparent in mesozooplankton. There were over 400% differences between the lowest and 
highest values of biomass and percent contribution by mesozooplankton (Table 29). The 
annual mean biomass at each station ranged from 2.54±0.55 /zgC/l (SBE2) to 10.37±3.24 
//gC/1 (CB64), with over 400% differences. The percent contribution also had wide ranges, 
from 7.51±1.63% (SBE5) to 21.11±5.01% (CB64) respectively. In general, 
mesozooplankton biomass and percent contribution were high in the Bay mouth (CB74) and 
mid Bay (CB64), but significantly low in the hypertrophic Elizabeth River (SBE2, SBE5). 
The CV values for percent contributions were much lower than those for biomass, indicating 
the seasonal contribution of mesozooplankton to the total zooplankton biomass was 
relatively more consistent than biomass values. To identify the relationships between 
zooplankton components and the environmental variables, Spearman’s correlation analysis 
was performed. The results are given in Table 30. The independent variables are salinity, 
DO, pH, water temperature, chlorophyll a, primary production, total phosphorus (TP) and 
total nitrogen (TN), and dependent variables are the percent contribution and biomass of the 
four zooplankton components. Salinity, pH, TP and TN were important factors to explain 
the spacial variation in zooplankton biomass and percent contribution (Table 30). Total 
phosphorus and total nitrogen were consistently associated with mesozooplankton and ciliate 
biomass, and percent contribution. TP and TN had a significant negative correlation with
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mesozooplankton biomass, percent contribution and ciliate biomass, but positive correlation 
with percent contribution by ciliate (Table 30). In general, two stations in the Elizabeth 
River (hypertrophic) had significantly low biomass and percent contribution by 
mesozooplankton, but high contribution (percent) by ciliates, although ciliate biomass was 
lower at these stations. The hypothesis was also tested that zooplankton community size 
structure shifts toward an increased relative biomass of microzooplankton with increased 
trophy at 8 sites in the Chesapeake Bay and Elizabeth River. Total zooplankton biomass was 
divided into microzooplankton (copepod nauplii, rotifers and ciliates) and mesozooplankton, 
and regressed against total phosphorus, total nitrogen and chlorophyll a  (Fig.39). The 
percent of total zooplankton biomass contributed by microzooplankton was significantly 
related to total phosphorus (r=0.85, p=0.0073) and total nitrogen (r=0.88, p=0.0039). 
However, mesozooplankton biomass and contribution had a significant negative correlation 
with nutrients. Microzooplankton biomass also had a negative correlation with nutrient 
loadings. On the other hand, there was no relationship between chlorophyll a and 
zooplankton biomass (including percent contribution). Thus, it appears that the 
microzooplankton contribution to the total zooplankton biomass increased with trophy 
increase, but their biomass decreased with trophy increase.
4.3. Summary and Discussion
Microzooplankton represented over 85% of the total zooplankton carbon contents at the 
eight stations in the Bay and Elizabeth River. Copepod nauplii contributed the highest 
portion of the total zooplankton biomass (47.5%). Ciliates and rotifers represented 33.5%
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and 4.5% respectively. Mesozooplankton (mainly copepods and barnacle nauplii) constituted 
only 14.5% of the total zooplankton biomass (annual mean). From the literature and this 
study, microzooplankton are a major component o f the total zooplankton biomass, 
comprising over 50% in the various aquatic ecosystems. Buskey (1993) found the higher 
contribution by microzooplankton than mesozooplankton to the total zooplankton biomass 
in a subtropical estuary (Nueces and Corpus Christi Bays in Texas). James and Hall (1995) 
also reported high contribution by ciliates (33.4%) to the total zooplankton biomass. In 
freshwater ecosystems, Bays and Crisman (1983) found microzooplankton biomass 
comprised 50-90% of the total zooplankton biomass in Florida eutrophic lakes. Pace (1986) 
reported zooplankton biomass (dry weight) composition, including micro- and 
mesozooplankton from 12 lakes in Quebec. Recalculated from his paper, microzooplankton 
comprised approximately 40% of the total zooplankton biomass as dry weight. However, 
when considered as carbon content, microzooplankton contribution was over 50%, since 
ciliate biomass as carbon content assumes about 68% of the dry weight (estimated from 
Gates et al., 1982; Putt and Stoecker, 1989) over about 30% of mesozooplankton dry weight. 
However, it is difficult to compare zooplankton composition from study to study due to the 
different sampling methods, or conversion factors to estimate zooplankton biomass. Bays 
and Crisman (1983), and Pace (1986) used regression method (indirect method) to estimate 
mesozooplankton biomass, but in this study direct estimation was used (Birdsong et al., 
1987; 1988). Copepod nauplii were a major component of the total zooplankton biomass 
throughout seasons even though their contribution to the total zooplankton density was low 
(<5%). During winter and spring, ciliates were a major component of zooplankton biomass
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along with copepod nauplii. Mesozooplankton occasionally comprised high proportion of 
the total biomass, reaching a maximum 50%. However, overall contribution by 
mesozooplankton to the total biomass was low (about 15% as a grand mean). Rotifers made 
the smallest contribution to the total zooplankton biomass, but during winter, they occupied 
over 20% of the total zooplankton biomass (mainly by Synchaeta spp.) at some stations 
(CB74, WE42, SBE5). The geographical variations in the contribution o f copepod nauplii 
and rotifers to the total zooplankton biomass were not clear. Using the percent contribution 
data, the relative contribution of each zooplankton component was correlated with 
environmental variables, including salinity, pH, DO, water temperature, chlorophyll or, 
primary production, total phosphorus and total nitrogen. Spearman’s correlation analysis 
revealed no significant relationships between copepod nauplii and rotifer contribution 
(percent), and the environmental variables. On the other hand, the percent o f  the total 
zooplankton biomass contributed by ciliates and mesozooplankton was significantly 
correlated with nutrient concentration and pH. Ciliate contribution (%) to the total 
zooplankton biomass had a significant positive correlation with total nitrogen, but 
mesozooplankton had a significant negative relationship with TN and TP. The contribution 
of microzooplankton to the total zooplankton biomass also increased with trophy increase. 
The correlation between percent contribution by microzooplankton to the total zooplankton 
biomass and nutrients (TP, TN) was positively significant. Ciliates were important to this 
spacial heterogeneity of zooplankton community structure. They comprised high proportion 
of the zooplankton biomass in the hypertrophic Elizabeth River, but their contributions in 
the meso- and eutrophic sites were low. A few studies tested a community shift toward
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microzooplankton with trophy increase. Bays and Crisman (1983) reported the dominance 
within zooplankton community shifts from macrozooplankton to microzooplankton with 
increasing trophic states at 39 Florida lakes. On the other hand, Pace (1986) reported no 
relationship between lake trophy and zooplankton community shift from 12 lakes in Quebec. 
Both studies found an increase of zooplankton biomass with trophy increase. However, 
meso- and microzooplankton biomass decreased with increase of nutrient concentrations in 
this study. Especially, ciliate and mesozooplankton biomass had a significant negative 
correlation with nutrient concentration. The negative relationship between ciliates and 
nutrients was due to the significant decrease in Ioricated ciliate biomass. In the hypertrophic 
stations, aloricated ciliate biomass slightly increased, but this increase was not enough to 
compensate for the amount of decrease in Ioricated ciliate biomass, resulting in decrease of 
total ciliate biomass. The disparity between this study and theirs in zooplankton biomass 
with trophy status may be related to several factors, including the environmental gradients 
and number of sampling sites, and the fundamental differences between freshwater lakes and 
estuarine ecosystems. They did incorporate a large number of sampling sites (39 in Florida 
and 12 in Quebec), so that their results may be considered more general. The differences in 
the results appear to be due to the high gradients in eutrophication. To divide lakes into 
different trophic levels, Bays and Crisman (1983) used annual mean chlorophyll a 
concentrations which ranged from 30 to 80 /ng/1. In this study, the annual mean values for 
chlorophyll a, however, ranged from 5.8 to 9.6 y g/1 for each station. Even in the 
hypertrophic (based on the total nitrogen and phosphorus loadings) Elizabeth River stations, 
chlorophyll a concentrations were not significantly higher than the other eutrophic or
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mesotrophic sites. Another great disparity was in microzooplankton biomass. Even with 
much higher chlorophyll concentration (about 7 times) in Florida lakes, the total 
microzooplankton biomass was slightly lower in their study (32 /zgC/1 in Florida lakes vs. 
38 /xgC/l in this study). On the other hand, mesozooplankton biomass was significantly 
greater in their study (30 ptgC/I in Florida lakes vs. 7 /zgC/1 in this study). These differences 
may be due to the different sampling methods and biomass estimations. They used 80 /zm 
mesh to collect microzooplankton (except ciliates) and mesozooplankton, but in this study, 
mesozooplankton were collected using 200 /j.m mesh (Birdsong et at., 1987; 1988) and 
microzooplankton using a pump. Pace (1986) also showed wide gradients in chlorophyll a 
concentrations (1.6 - 24.9 /zg/l) from 12 lakes in Quebec. In general, the above two studies 
indicate the increase of micro- and mesozooplankton biomass with the increase o f lake 
trophy (based on both chlorophyll and total phosphorus), but in this study, the patterns were 
exactly opposite from theirs; decrease of zooplankton biomass with increase o f trophy. In 
addition to the above possibilities, high concentration of heavy metals in the hypertrophic 
Elizabeth River may be another possible cause for zooplankton biomass disparity. Sunda et 
al. (1990) indicated the heavy metals in the hypertrophic Elizabeth River were present at 
high concentration when compared to values in nearby Hampton Roads and lower 
Chesapeake Bay, even exceeding water quality standards. These metals are copper, mercury, 
zinc, cadmium, lead and nickel etc. (Alden, 1988). The impacts on plankton growth and 
reproduction by the heavy metals are well studied. Sunda et al. (1987, 1990) reported the 
survival and reproduction of copepod were much lower in Elizabeth River samples, 
containing high levels of copper and zinc. In addition to growth inhibition to zooplankton
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by heavy metals, heavy metals can reduce nutrient uptake by phytoplankton (Singh and 
Yadava, 1984), growth rates of various autotrophs (Heumann, 1987; Lage et al., 1994; Singh 
et al., 1989) and photosynthetic rates (Singh and Singh, 1987). Phytoplankton biomass 
(including autotrophic picoplankton) and primary production were not significantly higher 
in the Elizabeth river than in the other stations. When considering the amount of nutrient 
present in the hypertrophic Elizabeth River, phytoplankton biomass and primary productions 
were low, which indicates nutrients may not be fully used by autotrophs in the River. This 
may suggest evidence that the presence o f heavy metals may inhibit autotroph growth and 
reproduction and, in turn, low autotroph biomass may not be sufficient to support high 
zooplankton biomass, commonly present in eutrophic ecosystems.
The low autotrophic picoplankton.ciliate biomass ratios in the Bay and Elizabeth River 
stations suggest ciliates were able to fully use most of the picoplankton biomass. The ratios 
(picoplankton/ciliate biomass) were near zero during winter and spring, and approached 
approximately 1 during fall. However, the ratios during summer reached about 5 to 15. 
Based on these results, autotrophic picoplankton may not be enough to support ciliate 
biomass except in summer, when heterotrophic nanoflagellates also consume autotrophic 
picoplankton (Kuuppo-Leinikki, 1990). The annual mean biomass o f ciliates (12.66 /zgC/1) 
was comparable to the autotrophic picoplankton biomass (13.45 /zgC/1). On the other hand, 
total phytoplankton biomass, excluding autotrophic picoplankton, was 331.15 /zgC/l for an 
annual mean from the eight stations in the Bay and Elizabeth River, and 7 times higher than 
the total zooplankton biomass in carbon content. Based on this comparison, autotrophic 
picoplankton may not be a major component for primary production in Chesapeake Bay,
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even with their high growth rates and short generation time when compared to the other 
phytoplankton components such as nanoplankton and other large diatoms. Accordingly, 
ciliates could not satisfy their carbon demand from autotrophic picoplankton. This 
deficiency in food demand for ciliates can be explained by partitioning the food ration. 
Rassoulzadegan et al. (1988) reported food partitioning based on the various body sizes of 
ciliates; tintinnids mainly consume nanoplankton (2-20 pan), the small ciliates (<30 (j.m) take 
72 % picoplankton and 28% nanoplankton, and the ciliates between 30 and 50/zm consume 
30 % pico- and 70 % nanoplankton, while the larger ciliates (>50 fim ) take nanoplankton 
almost exclusively (95 % nano- and 5 % picoplankton). As a comparison of relative 
proportion of microzooplankton to phytoplankton, Chang (1990) reported ciliate biomass 
was up to 49 % of the phytoplankton biomass (3.8% as an annual mean in this study), and 
Hall and Vincent (1990) found autotrophic picoplankton contributed up to 65% of the total 
phytoplankton biomass ( 3.9% in this study). The secondary production by total ciliates 
(based on biomass), assuming generation time of one day (Lynn and Montagnes, 1991), 
were 38/zgC/l/day at the Bay and Elizabeth River stations. This value represents about 16% 
of the annual mean primary production in the Chesapeake in 1994. When considering the 
shorter generation time and higher growth rates of microzooplankton compared to 
mesozooplankton, the microzooplankton should have a greater effect on the trophic 
dynamics than mesozooplankton in lower Chesapeake Bay and its tributaries.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 26. Descriptive statistics o f copepod nauplii biomass and the percent
contribution to the total zooplankton biomass at the eight stations in
the Bay and Elizabeth River from January through December 1994.
STATION N MEAN SE MIN MAX CV
Copepod Nauplii Biomass (v-gc/t)
CB74 12 31.83 7.88 1.49 97.96 85.75
WE42 12 31.06 8.10 2.98 84.80 88.83
CB6I 12 25.48 6.26 0.74 71.10 85.14
LE55 12 24.28 5.34 3.23 59.67 76.23
CB64 12 24.03 6.75 0.25 76.83 97.35
SBE5 12 20.16 5.81 0.50 66.14 99.81
LE36 12 19.02 5.20 0.51 47.49 94.69
SBE2 12 14.15 3.24 0.50 28.84 79.36
Percent (%)
CB74 12 52.34 8.60 9.52 94.03 56.90
WE42 12 50.41 6.63 14.59 74.77 45.56
LE55 12 49.09 7.73 7.13 86.65 54.54
SBE5 12 49.07 8.97 4.60 87.15 63.29
SBE2 12 48.46 8.97 2.47 88.11 64.12
CB61 12 47.29 7.21 5.74 78.28 52.82
LE36 12 41.97 7.54 4.84 74.60 62.27
CB64 12 41.49 6.98 4.24 76.33 58.27
N - number of observations SE - standard error of the mean 
MIN - minimum value MAX - maximum value 
CV - coefficient o f variance
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Table 27. Rotifers. Details as in legend to Table 26.
123
STATION N MEAN SE MIN MAX CV
Rotifer Biomass (fxgCA)
WE42 12 1.85 0.85 0.00 8.00 158.95
CB61 12 1.65 0.97 0.00 11.90 204.07
SBE5 12 1.30 0.87 0.00 10.76 232.91
SBE2 12 1.21 0.39 0.01 3.98 111.32
LE36 12 1.20 0.54 0.00 6.30 156.94
LE55 12 1.20 0.42 0.00 4.91 122.22
CB64 12 1.07 0.57 0.00 6.88 182.83
CB74 12 0.57 0.31 0.00 3.83 188.45
Percent (%)
WE42 12 5.43 2.67 0.00 32.41 170.24
CB61 12 5.36 2.94 0.00 36.41 189.87
CB74 12 5.35 4.71 0.00 57.02 304.48
SBE2 12 4.57 2.29 0.00 27.36 169.10
SBE5 12 4.39 2.52 0.00 29.72 198.54
CB64 12 3.87 2.05 0.00 21.62 183.09
LE36 12 3.45 1.47 0.00 14.63 147.10
LE55 12 3.40 1.47 0.00 17.17 150.24
N - number of observations SE - standard error of the mean 
MIN - minimum value MAX - maximum value 
CV - coefficient of variance
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Table 28. Ciliates. Details as in legend to Table 26.
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STATION N MEAN SE MIN MAX CV
Ciliate Biomass (iigCA)
LE55 12 15.67 4.74 5.08 64.91 104.79
CB64 12 13.97 4.00 0.72 43.43 99.11
CB61 12 12.91 4.19 0.68 54.94 112.51
CB74 12 12.86 4.74 1.15 60.36 127.55
LE36 12 12.13 2.97 2.31 40.46 84.94
WE42 12 12.07 3.21 3.33 44.13 92.01
SBE2 12 11.44 3.12 1.42 36.04 94.56
SBE5 12 10.08 2.11 1.01 22.97 72.43
Percent (%)
SBE5 12 39.02 7.90 1.24 77.37 70.15
LE36 12 38.63 8.49 4.31 90.03 76.16
SBE2 12 37.02 8.14 6.87 84.19 76.13
CB64 12 33.52 7.49 1.04 84.65 77.39
CB61 12 33.36 7.68 1.18 82.03 79.73
LE55 12 33.03 6.38 7.39 74.58 66.87
WE42 12 28.99 6.10 2.62 70.22 72.91
CB74 12 24.08 7.39 2.68 79.34 103.25
N - number of observations SE - standard error of the mean 
MIN - minimum value MAX - maximum value 
CV - coefficient of variance
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STATION N MEAN SE MIN MAX CV
Mesozooplankton Biomass (ngCA)
CB64 12 10.37 3.24 0.40 36.79 108.21
CB74 12 9.07 2.85 0.25 34.49 108.91
LE55 12 8.82 3.32 0.12 42.06 130.24
WE42 12 8.56 3.12 0.41 39.05 126.36
LE36 12 7.09 3.32 0.49 41.36 162.21
CB61 12 6.40 2.24 0.37 22.51 121.28
SBE5 12 2.90 1.05 0.22 13.23 125.45
SBE2 12 2.54 0.55 0.25 6.52 75.81
Percent (%)
CB64 12 21.11 5.01 0.77 53.06 82.17
CB74 12 17.50 4.81 0.89 50.13 95.25
LE36 12 15.95 6.07 2.53 77.13 131.95
WE42 12 15.17 3.82 2.30 38.85 87.26
LE55 12 14.49 3.22 0.58 40.66 76.92
CB61 12 13.99 3.74 2.04 39.15 92.56
SBE2 12 9.95 1.86 0.58 20.17 64.61
SBE5 12 7.51 1.63 0.79 19.38 75.32
N - number of observations SE - standard error of the mean 
MIN - minimum value MAX - maximum value 
CV - coefficient of variance
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Table 30. Spearman’s correlation coefficients between zooplankton components and the 
environmental variables using the annual mean values of each parameter by 
station. Top numbers are correlation coefficients and bottom, the calculated 
probabilities. Significant correlations are indicated by bold numbers.
Percent (%) Biomass
Copepod
nauplii
Rotifers Ciliates Meso­
zooplankton
Copepod Rotifers Ciliates Meso- 
nauplii zooplankton
Salinity 0.333 -0.048 -0.905 0.667 0.619 -0.571 0.548 0.714
0.420 0.911 0.002 0.071 0.102 0.139 0.160 0.047
DO -0.071 0.143 -0.262 0.286 0.476 0.333 0.286 0.310
0.867 0.736 0.531 0.493 0.233 0.420 0.493 0.456
pH -0.024 0.071 -0.714 0.738 0.667 -0.214 0.571 0.810
0.955 0.867 0.047 0.037 0.071 0.610 0.139 0.015
Water 0.262 -0.262 0.429 -0.690 -0.571 0.500 -0.667 -0.619
Temperature 0.531 0.531 0.289 0.058 0.139 0.207 0.071 0.102
Chloro­ -0.286 -0.452 0.548 -0.429 -0.643 0.333 -0.143 -0.619
phyll a 0.493 0.260 0.160 0.289 0.086 0.420 0.736 0.102
Primary 0.119 -0.571 0.167 -0.333 -0.476 0.190 -0.143 -0.310
Production 0.779 0.139 0.693 0.420 0.233 0.651 0.736 0.456
Total 0.333 0.143 0.548 -0.929 -0.476 0.714 -0.881 -0.881
Phosphorus 0.420 0.736 0.160 0.001 0.233 0.047 0.004 0.004
Total -0.167 0.095 0.857 -0.857 -0.738 0.595 -0.762 -0.881
Nitrogen 0.693 0.823 0.007 0.007 0.037 0.120 0.028 0.004
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Fig.36. Annual mean biomass and percent contribution of each zooplankton component
to the total zooplankton biomass at the eight stations in the Bay and Elizabeth River 
during 1994.
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Fig.37. Percent contribution by each zooplankton component to the total zooplankton
biomass as a carbon content in the Bay and Elizabeth River from January through 
December 1994
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to the total zooplankton biomass, using seasonal mean values from each station in 
the Chesapeake Bay and Elizabeth River from January through December 1994
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CONCLUSION
The microzooplankton study was conducted at 14 stations in lower Chesapeake Bay 
and its major tributaries from July 1992 through December 1995 to identify temporal and 
spacial variability of microzooplankton density and biomass. Microzooplankton in 
Chesapeake Bay are defined as those heterotrophic organisms which range from 20 to 200 
(xm in size, and in this study, they were mainly composed o f copepod nauplii, rotifers and 
ciliates.
Total microzooplankton density ranged from 218 to 33,949 individuals/1, with an 
annual mean of 5,494 individuals/1 from the 14 stations in the Bay and tributaries. Protozoan 
ciliates represented over 90% of the total microzooplankton density. Among the ciliate 
groups, aloricated ciliates outnumbered Ioricated ciliates during most sampling months, 
having about 60% of the total density. Copepod nauplii and rotifers contributed only 2% and 
4% respectively. In terms of the biomass (dry weight), copepod nauplii comprised the 
highest proportion (87.8%) of the total biomass, which ranged from 2.9 to 1,114.7 [xg dry 
wt/1 and averaged 113.3 (xg dry wt/1. Ciliates contributed 27.8% of the total biomass, and 
rotifers represented less than 5% in both density and biomass. Dominant genera were 
Tintinnopsis for Ioricated ciliates, and Strombidium, Strobilidium , and Didinium  for 
aloricated ciliates, with Trichocerca, Polyarthra, Synchaeta, Brachionus, and Keratella for 
rotifers.
Time series analysis (ARIMA Model) revealed a strong annual cycle (unimodal) in
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seasonal pattern of copepod nauplii and rotifer density. On the other hand, autocorrelation 
coefficients for ciliate density pattern were not significant at most stations. In general, 
maximum ciliate abundance occurred from late spring to early summer. This development 
was followed by copepod nauplii and rotifers, which had peak abundances from mid summer 
to early fall. During winter, the concentration and biomass for most microzooplankton 
components were significantly lower than in other seasons. One of the rotifer species 
(Synchaeta sp.), however, peaked during winter in meso- and polyhaline stations, 
comprising relatively a high portion (>20%) of the total microzooplankton biomass, along 
with the ciliates.
In addition to the seasonal variations, there was a significant geographical 
heterogeneity in microzooplankton density and biomass. The high density and biomass 
usually occurred at river-estuary transitional sites (oligohaline water). Copepod nauplii were 
a major component of microzooplankton biomass throughout the stations, and spacial 
variations were not significant from freshwater to polyhaline waters. On the other hand, 
rotifers exclusively dominated the freshwater stations during summer, but during winter, 
they were abundant at meso- or polyhaline stations. They occasionally comprised a high 
proportion of the total biomass during limited periods on limited spacial scale. There was 
a significant negative correlation between rotifer density and salinity. Ciliates also had a 
significant spacial variation. Aloricated ciliates were a major component of 
microzooplankton community at hypertrophic Elizabeth River, but Ioricated ciliates had a 
strong negative correlation with nutrient loadings (total nitrogen and phosphorus). Physical 
and chemical variables were more apparent to explain the spacial heterogeneity of
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microzooplankton than biological variables, such as autotrophic picoplankton, phytoplankton 
and mesozooplankton.
Zooplankton community structure, including mesozooplankton, was compared at 8 
stations in the lower Bay and Elizabeth River with trophy states. The relative proportion (%) 
o f ciliates in the hypertrophic Elizabeth River was significantly higher, but that of the 
mesozooplankton was lower than meso- or eutrophic sites. Total nitrogen and phosphorus 
had a significant positive correlation with the percent contribution by microzooplankton to 
the total zooplankton biomass. Accordingly, the contribution by microzooplankton to the 
total zooplankton biomass increased with trophy increase in the study area. Copepod nauplii 
and rotifers had no significant spacial variation at the 8 stations in the Bay and Elizabeth 
River. However, both total meso- and microzooplankton biomass was negatively correlated 
with total phosphorus and nitrogen. Microzooplankton dominated in total zooplankton 
density and biomass (>80%) throughout stations and seasons. The secondary production by 
ciliates was 38 /zgC/l/day, calculated from an annual mean biomass, assuming generation 
time of one day. This values constituted 16% of the primary production.
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